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ABSTRACT
Research on the interconnection of widely spaced 
back-to-back compression members has not been carried out 
very extensively. The behaviour of the interconnectors is 
not completely understood. Several steel standards and 
specifications do not show a consistent set of rules on the 
design requirement of interconnectors. This investigation 
was carried out on 44 struts so as to develop rules for the 
design and spacing of interccnnectors in widely spaced 
angles.
North American steel design standards are the most 
liberal and require only one interconnecter at mid-height 
for widely spaced back-to-back compression members made from 
equal leg angles. British and German standards were studied 
and found to be more conservative than the North American 
steel standards.
Widely spaced double angles with at least one 
interconnector have a consistent failure mode which was one 
of buckling about the weak axis of built-up section, which 
is an Euler type buckling- Struts with zero
interconnectors, however, have a failure mode which may be 
described as combined, that is, one involves buckling about 
both principal axes of composite cross section.
VXi -
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Four parameters were studied, which were the number of 
interconnectors, the back-to-back spacing between angles, 
the weld pattern used to connect the interconrectors to the 
angles and the thickness of the interconnectors. The 
experimental and theoretical results confirmed that only one 
interconnector of practical proportions is required to make 
the back-to-back double angle compression strut acts as an 
integral unit. Both the separation between angles, within 
reason, and the weld pattern used to connect the 
interconnectors to the angles had an insignificant effect on 
the failure load and mode of failure. The thickness of the 
interconnectors, however, had an effect on the load carrying 
capacity of the struts.
The forces and moments in the interconnectors are very 
small.
One of the recommendations made is that only one 
interconnector, having practical dimensions, is required for 
any pair of egual-leg back-to-back double angle compression 
members. Hence, the North American steel standards are 
adequate since they require one interconnector.
-  v i i i  -
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A  = area of the combined cross section
Ao = area of an individual angle
C,C = stability functions
E = modulus of elasticity
F = force in the interconnecter
G = modulus of rigidity
12 = moment of inertia about major principal axis
1 3 = moment of inertia about minor principal axis
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I*,I’ = moment of inertia of an individual angle
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I = least moment of inertia of an individual angle
z
J = St- Venant torsional constant
K = effective length factor
[k ],£ K ] = stiffness matrices
L = length of whole strut
Li = length between the centroids of HSS sections
of built-up section with special end conditions
Lq = length between two rotational vertexs of built-up
section with special end conditions
M = moment in the interconnecter
Ml = moment induced by Oi
M2 = moment induced by O2
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p = axial load of the composite cross section
= factored compressive resistance
p = Euler buckling load
E
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p = critical load of the composite cross section
cr
[P) = master load vector
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- XX -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
A  = general displacement at mid-height of column
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01 = applied disturbance rotation at end 1
02 = applied disturbance rotation at end 2
- XX X  -
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Chapter I 
INTRODUCTION
1.1 GENERAI
Double angles are commonly used in building structures as 
web members in trusses and as bracing members- Two angles 
are typically joined at their ends to gusset plates, webs of 
tees or HSS sections which are sandwiched between them. The 
angles are also joined at intermediate locations by means of 
interconnectors so that the two angles act as a single unit-
Traditionally these members, when subjected to a 
compressive load, are designed as pin-ended, axially 
compressed members, with an effective length equal to the 
distance between the centroids of the restraining members. 
The end restraints offered by the standard connections are 
considered to be small and their influence on column 
strength is neglected.
Basically, three configurations can be chosen if double 
angles are to be used ; these are back-to-back, starred and 
boxed , which can be seen in Figure 1.1- Some considerations 
of the advantages and disadvantages of each of these 
arrangements should be taken into account prior to deciding 
which configuration is to be used- These are listed as 
follows:
-  1 -
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2(i) If it is important to have accessability to surfaces 
for maintenance so that a clean and hygienic 
environment can be maintained, such as in the food and 
pharmaceutical industry, or so that maintenance can be 
performed to prevent corrosion, as required in the 
chemical industry, then the box and back-to-back 
arrangement should not be chosen.
(ii) The box arrangement has the advantage of using double 
angles more effectively as the minimum radius of 
gyration is much greater than that obtained when the 
same angles are used in the back-to-back arrangement.
(iii) The type of end connections, whether bolted or welded, 
depends on the configuration of the double angles. 
The back-to— back arrangement offers the best 
configuration if bolted connections are used since the 
bolts are used in double shear- Bolts in the starred 
arrangement are in single shear- The bolted connection 
is not practical for the boxed-section. In the boxed 
arrangement the angles can only be connected by using 
a welded connection.
(iv) If the truss window size is important, the 
back-to-back arrangement generally has the largest 
window size. The boxed-section has a relatively large 
window size, while the starred angle provides the 
smallest opening.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
3The back-to-back configuration can be used with different 
types of chord members and hence the spacing between angles 
varies considerably. If the chord of the truss is a tee 
section then the spacing between angles is relatively small. 
In other cases, however, the chord members consist of hollow 
structural section { HSS ) which results in a spacing 
between angles that is relatively large and can be regarded 
as 'widely spaced angles'. Figure 1-2 shows back-to back 
double angles used as web members in a truss.
1-2 RELEVANT RESEARCH
To date, the role of interconnection on widely spaced 
angles has not been investigated, except for a pilot project 
that will be mentioned later- Widely spaced angles are most 
likely to buckle about the axis which is parallel to the 
interconnector. In battened columns the members buckle 
about a plane which is at right angle to the interconnecter. 
The interconnectors in widely spaced angles usually behave 
differently from battens. One of the purposes of this 
research is to examine the behaviour of interconnectors in 
widely spaced angles.
A pilot project on similar angles was conducted in 1982 
£12]. These tests were conducted to determine if there was 
any significant difference in the performance between widely 
spaced angles with interconnectors firmly welded to the 
angles and widely spaced angles where the interccnnectors
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
4provided essentially no rotational restraint to the angles. 
The results revealed that the two methods of welding the 
interconnectors to the angles played no specific role in the
test results as there was no significant difference in the
modes of failure or failure loads.
A research project, similar to the one reported on here, 
is being carried out at McMaster University. The difference 
between the two projects is that at McMaster University 
widely spaced angles are being tested as part of a truss 
while at the University of Windsor double angles are being 
tested as individual members.
1.3 RESEARCH PROGRAM
A total of 44 widely spaced back-to-back double angles 
were tested, of which twenty-six were 2438 mm long and 
eighteen 1230 mm in length. Of the twenty-six columns 
twenty-three were tested as pin ended columns and three were 
fixed about the minor principal axis and pinned about the
major principal axis. The corresponding numbers for the
1230 mm columns were fifteen and three. Thus twenty-three 
of the double angles could be classed as slender and 
twenty-one as being of intermediate length.
A linear mixed incremental-iterative finite element 
program was developed to predict the load-de flection curve 
of the slender columns. From this curve the buckling load 
can be obtained.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
1.4 OBJECTIVE
The objective of this research is to develop rules for 
the design and spacing of interconnectors in widely spaced 
angles used as web members in trusses.
The parameters to be varied are:
(i) the number of interconnectors,
(ii) the separation between angles,
Ciii) the thickness of the interconnector, and
(iv) the weld pattern used to weld the interconnector to
the angles.
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Chapter II 
LITEBATORE SURVEY
2. 1 GENERAL
Literature on back-to-back double angle compression 
members is very limited. Several articles dealing with 
angles have been reviewed but only two articles were found 
which have a direct relationship to this research. " The 
Interconnection of Starred Angle Compression Members ", [15] 
[17] concluded that two interconnectors, one on each of the 
third points, are required for the interconnection of any 
starred angle compression member made with equal leg angles. 
"The Interconnection of Boxed Compression Member", [16] 
reached the conclusion that two interconnectors are required 
for the interconnection of any equal leg boxed compression 
members. This project also examined the magnitudes of the 
force and moment to be resisted by the interconnecter in the 
boxed angle compression struts. It was found that the 
forces in the interconnectors are very small.
Several articles, which did not concentrate on the 
investigation of the behaviour of interconnectors, were 
reviewed and are discussed briefly as follows.
Kennedy and Madugula [10] investigated the requirements 
as given in standards and specifications for the
—  6 —
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7width— to-thickness ratio for single-angle,doufcle-angle and 
tee compression members. The back-to-back double angles 
were tested only with a narrow separation between angles. 
The behaviour of interconnectors in double angles struts was 
not studied in the tests.
Short [14] carried out fourteen tests on back-to-back 
double angle compression members with a separation of 10 ram 
to investigate their buckling about the minor principal 
axis, the X axis { see Figure 2. 1 }- He also performed 
thirteen tests on back-to-back double unequal leg angle 
compression struts [long legs connected together) with a 
spacing between angles of 30 mm to investigate their 
buckling about the major principal axis, the Y axis.
Kitipornchai and Lee [11] performed the experimental 
program which consisted of testing single equal, single 
unequal, double equal and double unequal leg angle struts. 
The tests were carried out to obtain the load carrying 
capacity of the struts.
2.2 STANDARDS AND SPECIFICATIONS
The following sections discuss the requirements as 
contained in several standards and specifications for the 
interconnection of back-to-back double angle compression 
members. Several steel standards and specifications, which 
includes Canadian, American, German and British, were 
studied.
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82 a . 2 j L l C S A Standard CAN3 - S 16. 1-M84 . "Steel S t ructures for
Buildings f Limit Stat es Design ) "
Clause 18-1.3 [a) requires that the slenderness ratio 
between points of interconnection shall not exceed the 
slenderness ratio of the built-up member.
For battens Clause 18.1.13 gives the maximum spacing 
which depends on the ratio of the effective slenderness 
ratio perpendicular and parallel to the battens. Clause 
18.1.14 gives the longitudinal shear force and moment that 
battens and their connections must resist.
2.2.2 AI SC,"Specification for the Design,Fab rication 
Erection of Sti u^ ctural Steel for Build ings"
_[A merican Instit ute of Steel Construct ion 1978) 
Clause 1.18.2.4 has the same requirement for slenderness 
ratio as that specified by the Canadian Standard.
Battened columns are not covered by the AISC 
Specifications.
2.2.3 German Standard , DIN 4 114-195 2 , " Ger man Buckling 
S£ ecification 19 52"
Clause 0-213 requires that the slenderness ratio between 
points of interconnection must he equal to or less than 50. 
Clause 8.34 requires that the number of intervals between 
batten plates, over the whole length of the column, be at 
least three, so that the batten plates are provided at least 
at the third points of the column. These two requirements
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9are used to yield the smaller spacing between points of 
interconnection.
Clause 8.36 gives the design requirement for batten 
plates.
B r itish Standard BS 59 5 0 19 85," Code of Practice for 
t h e Design of Simple a n d Continuous C o nstruction 
f or Hot-Rolled S ections 1985"
Clause 4.7.9. (c) states that the maximui slenderness 
ratio of a main component { based on its minimum radius of 
gyration ) between end welds and end fasteners of adjacent 
battens should not exceed 50. Also, the maximum slenderness 
ratio of the battened strut about an axis parallel to the 
plane of the battens should not be taken as less than 1.4 
times the maximum slenderness ratio of a main component.
Clauses 4 . 7 . 9 . (d) and [e) gives the design requirements 
for plate battens.
2.3 S UMMARY
An examination of these standards and specifications 
leads to the conclusion that there is considerable variation 
among the steel standards examined with regard to the number 
of and design requirements for the interconnectors required 
for the back-to-back double angle compression members. 
Research is required so that consistent design criteria can 
be developed.
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Chapter III 
THEORETICAL DERIVATION
3.1 GENERAL
In order to achieve the objectives of this investigation, 
it was essential to use a computer program tc predict the 
nonlinear behaviour of slender back-to-back double angle 
compression members. Thus the theoretical and experimental 
results of each slender columns could be compared- An 
existing two-dimensional displacement method based finite 
element method of analysis for beam-columns [13] was 
modified to perform three-dimensional analysis. This program 
was based on a mixed incremental-iterative sc heme. In the 
analysis, the material nonlinearity was excluded and only 
the geometric nonlinearity was considered. Changes in member 
length due to bowing were not included.
Besides the finite element method, stability functions 
were used to help explain the behaviour of the struts. 
Stability functions were used to predict the effect of the 
end stiffeners on the lead carrying capacity of the strut. 
There are several reasons why the finite element method is 
superior to the stability functions method. First, the 
finite element method gives the critical load directly 
whereas the stability functions method requires an iterative
—  10 —
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approach. Second, the carry-over stability function tends to 
infinity in the region of P/Pg = 2.046; where E = the axial 
load and Pg = the Euler load of the section. Third, the 
finite element method is easy to set-up and manipulate. 
Fourth, the relatively simple logic for finite element makes 
it ideally suited for use on a high speed computer.
The finite element method is very convenient to use in a 
three-dimensional frame analysis. It permits each of the 
angles to deflect in any direction. The initial 
out-of-straightness along tooth principal axes of the angles 
can he input into the computer program as data.
Besides the above two methods, battened column and spaced 
column theories were studied and found to be unsuitable for 
the analysis of back-to-back double angle compression 
members. These two theories are based on the assumption that 
buckling takes place in the plane containing the 
interconnectors which is generally not the case for 
back-to-back double angle struts.
2 ^ 2. i i n i
The centroid to centroid distance between the two angles, 
which is the length of the interconnector, was long enough 
so that a beam-column finite element could be used directly 
to model the interconnector. A problem was noted in the 
modelling of the interconnectors for starred angle strut due 
to the short length and the large values of the geometric 
properties of the interconnectors.
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The back-to-back double angle struts with one or more 
interconnectors behaved consistently and buckled in a
failure mode which was one of buckling about the weak axis 
of the combined cross section- The alternative mode of
buckling, which is buckling about the strong axis of the 
combined cross section, is not possible with equal leg 
angles since the moment of inertia about the ï axis is much
greater than that about the X axis ( Figure 2.1 )-
^ 2 j M  Analytical Model
The actual back-to-back double angle strut was analyzed 
by using a three-dimensional linear beam-column finite 
element- The solution from the finite element method 
predicts the buckling load and the load-deflection curve.
The solution permits the individual angle to displace in 
any direction at any point except at the point of 
interconnection. At the point of interconnection the members 
are virtually forced to take the same displacement in the 
plane of interconnector- Due to the relatively short length 
of the interconnector, the displacements at that point in 
the direction perpendicular to the interconnector are 
essentially the same since the interconnecter offers 
adequate bending restraint to both angles.
The end connector was modelled as having a considerable 
bending stiffness to represent the behaviour of the HSS 
flange. At the end connector, the displacements in the X 
and Y directions and the rotation about the longitudinal
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axis of the strut were prevented. The displacement in the Z 
direction and the bendings about the X and ï axes were 
allowed to take place- This was done by assigning vertical 
and two bending degrees-of-freedom and imposing zero values 
for other degrees-of-freedom.
A half column was used to model the actual full-height 
column- The advantage of doing this is that less computer 
time is required to generate a load-deflection curve. Using 
a half column also means that less input data is required as 
opposed to using the full length of the c olumn.
The coordinate axes system and the schematic diagram of 
the model of the back-to-back double angle struts with the 
end connection are shown in Figure 3-1. It can be seen that 
at the supported end, which is at the top of the model 
column, vertical displacements are free tc take place. 
However, the lateral displacements in the X and Y directions 
and rotation about 2 axis were not allowed. At the lower 
end of the modelled column, which is the mid-height of the 
actual column, degrees-of-freedom must be assigned 
carefully to simulate the actual behaviour of the column. 
The bending about the X and Y axes was suppressed so that 
the half column buckled in single curvature. The rotation 
about the longitudinal axis and the lateral displacements in 
the X and Y directions of each angle were allowed to take 
place-
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The finite element models used to analyze struts with 
zero, one and two interconnectors are shown in Figure 3.2
(a), (b) and (c). These figures show the member numbers,
nodes and degrees-of-freedom. In all cases the end 
connector, represented by the cross hatched members, is at 
the top for each model which is also the origin of the
coordinate axes. The interconnectors are represented by
thin horizontal lines.
3.3 ANALYSIS
The next two sections contain a brief discussion of the 
derivation of the element stiffness matrix for the finite 
element method. The solution procedure used is a mixed 
incremental-iterative method. This method gives the 
theoretical load^deflection curve which in turn can be used 
to determine the buckling load.
A three-dimensional linear beam-column finite element was 
used to predict the critical load and load-deflection curve. 
From the potential energy formulation the following is 
obtained:
Hp * (1/2) ( M ^  £Ke3 (0) ♦ (D)’^ (Kg] £0J ) - |0)^{P)
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where [Kg] = the global elastic stirfness matrix; [Kg] = the 
global geometric stiffness matrix; {P} = the global load
vector; and {0} = the global displacement vector. For 
condition of stable equilibrium, application of the 
principle of stationary potential energy in the form of 
first variation of Ô Dp to Eg. (3.1) results in the 
stiffness matrix;
[Kg] {0} + [Kg] {0} = (P)   3.2
Eq. (3.2) can be simplified into the following form as
[K] (0) = fP) —  3-3
Where [K] = [Kg] + [Kg]. A Newton-Baphson procedure. which
will be discussed in the next section, was used to obtain
the solution of Eg. (3.3).
3.3.2 Mixed Increme ntal-Iterative Solution Procedure
To determine the deflected shape. Eg. (3-3) is solved by 
using the Newton-Baphson procedure. Eg. (3-3) represents a 
system of nonlinear algebraic equations which must be solved 
for any generalized load vector [B]. The incremental and 
iterative solution is carried out by applying the external 
load in small increments and the iterative process was 
stopped when convergence of the displacements, within the 
acceptable limits, was achieved- For the jth iterative cycle 
at the ith load level the process may schematically be 
written as
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i,j-1 i,j ifj
£K] (AO) = (AP)
-------------  3.4
ifj i ,1 ifj-1
where (AP} « {P} - (P)
ext int
where £P}gxt ~ the external load vector; and JP}jnt “ the 
internal load vector calculated from the internal
deformation. Solution of Eg. (3-4) yields an improved
solution vector.
ifj ifj-1 ifj
(0) = {0} ♦ { A O )    3-5
In order to determine the convergence during the iterations 
the following criteria was used £2]-
1 : j *
Tolerance = £ — 2. ( A U  /  0 ) } — — —  3-6
H k«1 k  k,re£
where N = the number cf non-zero degrees-of-f reedom; Ao|^ =
the change in displacement component k during the jth
iterative cycle; and = the largest displacement
component of the corresponding category- The iteration was 
terminated when the tolerance became smaller than 0-001. The 
tolerance limit could be changed to a smaller value if 
higher accuracy was required, but it would, in turn,
increase the computer time-
The process was continued until the complete 
load-deflection curve was obtained.
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3.4 EFFECT OF END CONNECTORS ON T HE CBITICAl LOAD
Only buckling about the minor principal axis, which is 
the X axis, was considered here. Stability functions were 
used to determine the effect of the end stiffeners on the 
load carrying capacity of the struts. The detailed analysis 
can be found in Appendix E- It was concluded that the 
increased length of end stiffeners did not significantly 
increase the strength of strut.
The end stiffener, in reality, has some flexibility. The 
end stiffener, however, was assumed to be rigid since it 
permitted a much simpler analysis- Since the length of 
stiffener was relatively short compared to the length of 
strut, the analysis based on the above assumption was valid- 
A real end stiffener is not rigid as was assumed, 
therefore the actual effect would be less than that 
calculated.
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Chapter IV
EXPERIMENTAL PHOCEDUHE
4.1 GENERAL
An experimental program was required to study the 
behaviour of back-to-back double angle compression struts 
and hence to verify the requirements of standards and 
specificatioDs.Two different lengths cf columns, 1230 and 
2438 mm,were fabricated and tested.All the columns, except 
six of them, were tested as pin-ended columns about both 
principal axes. The six columns, of which three were of 
1230 mm and three 24 3 8 mm in length, were tested as 
pin-ended columns about major principal axis and fixed about 
the minor principal axis. In the following sections the 
fabricating and testing procedures will be discussed in 
detail.
4-2 T EST SET-UP
4.2.1 End Conditions and Fixtures
Most of the widely spaced angles, except six of them, 
were tested as columns with pin-ended conditions about both 
axes which are considered "regular end conditions." These 
end conditions can be obtained in the laboratory by using
- 18 -
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double knife edges. The other six columns, however, were 
tested as pin-ended columns about the strong axis of the 
combined cross section and fixed about the weak axis and 
will be referred to as a "special end conditions." A single 
knife edge was used to obtain the special end condition. 
Tests have been conducted in the past using these knife 
edges. Checks were made to ensure that the end supports were 
as free as possible of any rotational restraint.
This section describes the pieces of equipment necessary 
to apply and record the load.
4.2.1.1 Double Knife Edges
The test specimens with double knife edges are considered 
as struts with regular end conditions.
The knife edges were fitted to both ends of the test 
specimens. Each set of the double knife edges consists of 
three 150x150 mm steel block, separated by 2 5  mm hardened 
steel square bars. The two outer plates have only one 90 
degree groove on one side of the plate in order to prevent 
rotation of the bars. The center plate, however, has two 
grooves, each with an included angle of 135 degrees, one on 
each side of the plate and at right angles to one another so 
that the entire test specimen can be allowed tc rotate about 
two perpendicular axes. The thickness of the two outer 
plates is 25 mm while the inner plate is 38 mm thick. 
Figure 4.1 shows the assembled set of double knife edges at 
the lower end of a test specimen. The edge of the bars
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rotates about the vertex of each of the grooves in the
center plate- The assembled plates and bars are held
together by the compressive load applied to the column- This 
should ensure a minimum of resistance to rctation- The
plates next to the specimen, one at each end of strut, were
bolted to the end connections (BSS) of the strut-
Since the knife edges in each of the twc end bearing 
blocks are separated by 28-6 mm vertically, the knife edges 
must be arranged in such a manner that the effective length 
of the specimen about each of the perpendicular axes is the 
same- The arrangement of double knife edges illustrated in 
Figure 4-2 accomplishes this objective.
4.2.1.2 Single Knife Edge
Each single knife edge consists of two 150 by 150 mm 
steel blocks separated by a hardened steel square bar. Doth 
blocks are 25 mm thick. The blocks attached to the test 
specimens have an included angle of 135 degrees while the 
outer blocks have a 90 degree groove- The arrangement of the 
single knife edge at the top and bottom end of test specimen 
is illustrated in Figure 4.3.
The rotation of the strut is allowed only at the vertex 
of the groove in the blocks attached to the test specimens. 
Rotation about the weak axis is prevented. The distance 
between the centroids of the two HSS sections as shown in 
Figure 4.3, and labelled as Li, is used as the length of the 
member about the fixed axis. The distance between the two
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vertices, which is labelled as I q , was used to determine the 
effective length about the strong axis of the test struts.
4.2.1-3 loading Equipment
Three different hydraulic jacks, of which two have a 
capacity of 448 kN and one a 1335 kN capacity, were used for 
the 2438 and 1230 mm columns, respectively.
A frame was specially made to guide the bottom plate, and 
hence the knife edge assembly, in the vertical direction for 
the testing of 2438mm columns with both types of end 
conditions- This frame was welded to the flocr in order to 
prevent any rotation about the longitudinal axis of strut. 
Directly on top of the jack was a 203x25x3 05 mm plate to
which the bottom plate of the knife edges was welded- The
448 kN capacity hydraulic jack was placed within the frame 
and manually loaded using a lever. Figure 4-4 shows the 448 
kN capacity hydraulic jack within the restraining frame.
A larger capacity jack was required to test the 1230 ram
struts with both types of end conditions. The jack was not
operated manually but through an electric hydraulic pump. 
This jack, as can be seen in Figure 4-5, was attached to a 
beam in a testing frame. The load was applied to the top of 
test specimens-
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4.2.1.4 Load Cell
Two different load cells were used- A load cell with a 
448 kN capacity was used for the testing of the 2438 mm 
specimens with regular end conditions and the other, a 396 
kN capacity load cell was used to test the 2438 mm columns 
with special end conditions and the 1230 mm specimens with 
both types of end conditions.
In the testing of the 2438 mm specimens, the 448 kN 
capacity load cell was at the top of the set-up. The 896 kN 
capacity load cell, however, was attached tc a 203x305 mm 
plate which was mounted to the 448 kN capacity hydraulic 
jack for the testing of 2438 mm specimens with special end 
conditions.
In all the tests of the 1230 mm specimens, the 896 kN 
capacity flat load cell was positioned on a steel floor 
plate.
4.2.1.5 Testing Frame For 2438 mm Specimens
A steel bracket ,which can be seen in Figure 4-6, was 
used as the top support when testing the 2438 mm specimens 
with both types of end conditions. This bracket was 
fastened to one of the existing columns of a structural 
testing frame in the University of Windsor's Structural 
Laboratory. The height was adjusted to suit the length of 
the specimens.
The complete set up used to test the 2438 mm specimens 
included a load cell, upper knife edge assembly, specimen.
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lower knife edge assembly and mechanical jack. This set-up 
was used for testing of the 2438 ram specimens with both 
types of end conditions. However, there was a change in the 
location of the load cell.
A Gilmore testing machine in the Structural Laboratory, 
which has a capacity of 448 kN, was used to test the first 
twelve 2438 mm specimens.Figure 4.7 shows a specimen set up 
between the platens of the Gilmore testing machine- The 
hydraulic jack, electronic control circuits and load cell, 
built-in as part of the Gilmore testing machine, were used 
to apply , control and record the load- This set up was 
later abandoned due to the difficulty in setting up the 
specimens. The other reason of abandoning this was due to 
the difficulty in controlling the load applied to the 
specimen when the applied load approached the buckling load 
of the test specimen- Lastly, the Gilmore testing machine 
has a capacity of 448 kN, which is not large enough to fail 
the 1230 mm struts with one or more interconnectors.
4-2-1.6 Testing Frame For 1230 mm Specimens
The Gilmore testing machine was used to test four 1230 mm 
specimens, three of which had zero interconnectors and one 
had one interconnector. For the reasons mentioned in the 
previous section, a small area within the existing testing 
frame was used to test the remaining 1230 mm specimens- A 
complete set-up of hydraulic jack, upper knife edge 
assembly, specimen, lower knife edge assembly and flat load 
cell is shown in Figure 4-8-
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4.2.2 Instrumentation
Due to the simple buckled shape of the back-to-back
double angle columns, obtaining the data for lateral
displacements was not complicated- Four dial gauges were 
arranged along the two principal axes of the back-to-back 
double angle compression members, as shown in Figure 4-9- In 
the first test of a 1230 mm specimen, four dial gauges at 
each quarter point and at mid-height, for a total of twelve 
dial gauges, were used to record the lateral displacements. 
The recorded lateral displacements, except at mid-height, 
were found to be of no great significance in determining the 
overall behaviour of the testing struts- Thus in later 
tests only four dial gauges were used at mid-height of the 
column to measure the lateral displacements in the x and y 
directions of the two angles.
4.3 TEST PBOCEDDRES
All the necessary pieces, which included angles, HSS
sections and interconnectors, were prepared and cut to the 
appropriate length- Then all the pieces were clamped and 
welded together to form the test specimen-
Specimens were measured to determine the initial out-of­
straightness- Several ways of measuring this are possible in 
the laboratory, such as sighting from a theodolite or 
measuring a leg of the angle to a taut wire by means of 
electronic digital caliper- The latter approach was adopted
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as it was relatively easy to measure the out-of-straightness 
by this method. The complete set-up is shown in Figure 4.10. 
A wire was welded at both ends to a steel block with a known 
thickness. The steel block was then clamped, one at each end 
of the specimen, to ensure the wire is taut. The distance 
was measured from one leg of the angle to the wire at 
mid-height and quarter points of the specimen by using a 
caliper. This procedure was followed for all the four legs 
of the two angles- The initial out-of-straightness was then 
equal to the difference between the distance from the angle 
to the wire and the thickness of the steel block.
The specimen was now ready for setting up to be tested 
after which the specimen was slowly ^reloaded to 
approximately 4.5 kN- The load was then released to near 
zero but a small lead was retained to ensure that the 
alignment of the specimen and the knife edges was 
maintained.
Dial gauges were then installed at mid-height of the test 
specimen. The dial gauges were zeroed before load was 
applied.
The load on the specimens was applied slowly in 
increments of 22.5 kN. This lead increment was maintained 
until a load of about eighty per cent of estimated failure 
load was reached. The load increment was then reduced to 4-5 
kN until the specimen failed. In all cases the system was 
allowed to reach equilibrium, the point at which lateral
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displacements stopped increasing at a given load, before the 
dial gauges were read.
4.3. 1 Test Program
The 64x64x8 mm angles were used throughout for all 
specimens so as to reduce the number of paraneters in this 
res earch-
There were 26 specimens 2438 mm in length and eighteen 
1230 mm specimens long. The detail of all the specimens can 
be seen in Figure 4,11, which show the length, type of the 
interconnectors and separation between angles.
The test number contains all the test information about 
the specimens. For instance, in the test number 2.4B2.75-1, 
the 2.4 indicates that the specimen is approximately 2.4 m 
long with type B interconnectors (refer to Table 1). The 
number immediate after the letter *B' indicates the number 
of interconnectors on the specimen- The second last number, 
which is 76 in this case, indicates that the separation 
between angles is 76 mm- The last number, 1, denotes that 
the specimen was the first of the three 2438 mm specimens to 
be tested. If there is a *S* in front of the letter 'B*, the 
*S' means that the strut has special end conditions, 
otherwise the strut was tested with regular end conditions- 
Two different lengths of columns, which were 1230 and 
2438 mm, were tested with the number of interconnectors 
varying from zero tc two. Two different thicknesses of 
interconnector,which were 4 and 10 mm, were used. The two
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separations between angles of 76 and 127 mm were adopted 
here simply because of the cross-sectional dimensions of HSS 
which was used for the end connection of specimens-
The 4 mm thick interconnector was not selected as a 
practical interconnector but simply because some concern was 
expressed that it might be difficult to measure the strains 
in a thick interconnecter. After the first series of tests, 
the 4 mm thick interconnecter was abandoned since the 10 mm 
thick interconnecter resulted in a higher failure load.
The interconnecters were 51 mm wide with a length to suit 
the back-to-tack spacing of the angles.
4.4 D A T A REDUCTION
Calibration results for the flat load cell and Gilmore 
load cell were used tc convert the microstrains and voltage 
readings, respectively, to kN. The calibration curves for 
the 448 and 896 kN capacity flat load cell were plotted as 
shown in Figure 4.12 (a) and (t).
The variation in the calibration factor, within a short 
period of time, was found, frcm previous experience, to be 
extremely small.
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Displacement
The rotation of the individual angles, as well as of the 
entire member as a whole, were not considered since the one 
interconnecter at mid-height could provide adequate 
torsional restraint- The torsional-flexural buckling load 
is much higher than the flexural buckling load. The 
experimental data was checked to confirm that the rotation 
was very small.
Thus only the lateral displacements of each angle in the 
direction parallel to the two principal axes were recorded 
and analyzed. As a matter of fact, the lateral displacements 
in the direction of minor principal axes were found to be of 
no significance in studying the overall behaviour of the 
test specimens since the struts deflected predominantly in 
the direction of major principal axis.
The displacements with corresponding load were plotted 
for both lengths of specimens. However, the comparison of 
the theoretical and experimental load-deflection curves was 
performed only for the 2438 mm specimens with regular end 
conditions-
4-4-3 out—of—straightness
The method of measuring initial out-of-straightness was 
explained in a previous section- The initial
out-of-straightness was recorded, prior to the testing, only 
for the 2438 mm specimens. In only one case, an initial 
out-of-straightness greater than L/1000 was observed in a 
column with two 10 mm thick interconnectors.
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These measured out-of-straight nesses were used in a 
linear incremental-iterative finite element program to 
predict the load-deflection curve and the buckling load.
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Chapter V 
DISCUSSION OF HESOLTS
5.1 GENEBRI
Ihe requirements for the number cf and the design of 
interconnectors of several design standards were compared in 
Chapter 2- It clearly showed the differences in the design 
requirements for the interconnectors.
The comparison of the number of interconnectors required 
by the various standards and specifications will be made for 
a 2 4 38 ram specimen with regular end conditions in a later 
section- The requirement for the number of interconnectors 
by the CSA standard will also be discussed for the 2433 mm 
struts with special end conditions.
The back-to-back double angle compression strut buckles 
in the direction perpendicular to the plane of 
interconnector. Hence, the battened column and the spaced 
column theory are not applicable to the determination of the 
critical load for colump buckling about the plane parallel 
to the plane of the in terconnector. The finite element 
procedure was used to obtain the load carrying capacity of 
the ‘slender* struts.
The theoretical load— deflection curves for slender 
back-to-back double angle struts were plotted frcm the
— 3 0 -
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results obtained from a linear mixed incremental-iterative 
finite element procedure. The data collected from the tests 
described in Chapter 4 was used to plot the experimental 
load-deflect ion curves.
The comparison between the theoretical and experimental 
results, load-deflection curves, will be discussed in the 
following sections for columns with both regular and special 
end conditions. The effect of the number of the 
interconnectors, the thickness of the interconnectors, the 
weld pattern used to connect the interconnectors to the 
angles, and the separation between angles on the strength 
and the failure mode of widely spaced back-to-back 
compression members are evaluated. The implications of the 
present design standards are discussed later in this 
chapter.
5.2 PBOPIBTTES
GgammtCiÇ-ffOferties 
All the angles used in the test specimens were 64x64x8 
mm, so as to reduce the number of parameters studied in this 
research. The geometric properties for the back-to-back 
double angles were determined as follows:
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
A = 2Aq   5.1a
I = 21*  5.1b
X X
I = 2£ I* + A o ( b/2 )^3  5.1c
y y
r = r* — — 5. Id
X X
m/z
r = ( I / A ) ---- 5 . 1e
y y
where A = the total area of built-up section; Ao = the area 
of an individual angle; 1,1* = the moment of inertia of the 
combined cross section and the individual angle, 
respectively; r,r* = the radius of gyration of the combined 
cross section and the individual angle, respectively; and b 
= the spacing of angles between centroids.
The geometric properties of the combined cross section 
were computed and are tabulated in Table 2. The conversion 
from Imperial to SI units was made for a 
2-1/2-x-2-1/2-X-5/16 in. angle as listed in the CISC 
Handbook £4] to obtain the nominal geometric properties for 
a 64x64x8 mm angle- These values were used to determine the 
load-defleetion curve and the buckling load of each 2438 mm 
test strut with regular end conditions by using the finite 
element program.
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5.2.2 Mechanical Pr operties
The mechanical properties of the angles were carefully 
determined from standard tension specimens. These specimens 
were randomly chosen from the tested struts and fabricated 
into standard tension specimens as shown in Figure 5.1. Two 
strain gauges were attached, one on each face cf the tension 
specimens. Four specimens were tested to obtain the modulus 
of elasticity of the steel. The yield stress was not 
evaluated from these tests. Six other specimens, without 
strain gauges, were tested to obtain the yield stress using 
an Instron Machine in the Engineering Material’s Laboratory- 
The average value of the yield stress and of the modulus of 
elasticity were found to he 341 and 204,000 MPa, 
respectively. These values were used in all computations in 
determining the capacity of the test struts.
However, the mechanical properties cf the end 
connections, which were made from a HSS section, were not 
determined since these values had no significant effect on 
the load carrying capacity of the struts.
5.3 BEOOIHEMENTS OF T H E STAN D ARDS AND SPECIF ICATIONS
5.3.1 Specimens with Regular End Conditions
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5.3. 1.1 CSA CAN3-S16. 1-M84 £5] and AI SC £1]
Both of the above standards have the same requirement for 
determining the number of interconnectors required, or the 
maximum spacing of interconnector, which is:
d KL
r * - r
z X
where r^ = the radius of gyration about the weak axis of 
combined cross section; K = 1.0 since the test strut was 
pin— ended about both axes; I = the length of whole strut ; 
r * = the minimum radius of gyration for an individual
member; and d = the maximum spacing between two 
interconnectors.
In Eg. 15.2) d is the only unknown. A value of d of 1566 
mm is computed by substituting the nominal values of the 
geometric properties listed in Table 2 and the length of 
member of the 2438 mm into the Eg- (5.2). Since the value 
of d is greater than one-half the member length of 1219 mm 
only one interconnector is required for this specimen.
No requirements are stated for the specified forces and 
moments to be resisted by the interconnector. The current 
practice is to use a manageable size of interconnector and 
to fillet weld the interconnector all around on each 
individual angle. The requirements are specified in Clause 
18. 1. 14 of CSA Standard for a flat batten- The pertinent 
requirements of this Clause are:
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(i) The thickness of flat batten should not be less than 
1/60 of the distance between line of we Ids connecting 
them to the main components of the member- The 
minimum required thickness of batten is 2-5 mm which 
is smaller than the thickness of the type A 
interconnecter which is 4 mm- The experimental 
results show that the type A interconnecter provided 
inadequate stiffness to make the struts act as an 
integral unit.
(ii) The batten should be proportioned to resist 
simultaneously a longitudinal shear force and a 
moment, given by
0.025*P*d 0.025*199*1219
Q = -----------------------     39.8 (k N)
n*ao 1*152.4
0.025*P*d 0.025*199*1219
M = — — — — —  = —— — — — — —  = 3032 (kl). m)
2n 2*1
where P = the factored compressive load ; Q = the 
longitudinal shear in the batten ; M = the moment which must 
be resisted by the batten; ao = the distance between lines 
of welds connecting the batten to the main component ( mm ); 
d = the longitudinal distance center-to-center of batten 
(mm); and n = the number of parallel planes of batten- The 
factored compressive resistance, P, was calculated in 
accordance with Clause 13,3,1 of C A H 3 — S 16,1-M84 £5],
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Clause 18,1.14 is discussed even though it is realized 
that the Clause is not applicable to widely spaced 
back-to-back angles since the struts buckled in a plane 
perpendicular to the batten, A batten is considered to be 
stitching in the plane of buckling,
5,3,1,2 British Standard BS 5950-1985 £3]
BS 5950 has replaced BS 449 which had been used in 
Britain since 1970, The requirements for the design of 
battened struts are given in Clause 4,7,9, This Clause has 
two requirements for the spacing of the irterconnectors 
which are:
d / r* < 50  5,3a
z -
1-4( d / r* ) < ( KX/r )   5.3b
z -  X
Substituting the nominal values of geometric properties of 
the specimen into the two equations above indicates that Eg, 
(5,3a) governs and gives the maximum spacing between 
interconnector, d, of 620 mm. Thus three interconnectors are 
required for the 2438 mm specimens,
5-3-1,3 German Standard, DIN 4114-1952 £7]
There are two criteria used in this standard to determine 
the spacing of the interconnectors which are:
d / r* < 50  5,4
z -
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or a minimum of two interconnectors, one at each of the 
third points, whichever yields the smaller spacing. Upon 
substituting the appropriate values. Eg, (5,4) governs and 
gives a smaller spacing d of 620 mm. It thus requires three 
interconnectors, the same number required by BS 5950-1985, 
for the 2438 mm struts,
gUgÇlm^S-MitJi_5jeçial_Jnd_gouditions 
Eg, (5,2) can be used to determine the maximum spacing of 
interconnectors for specimens with special end conditions. 
Theoretically, the effective length factor for struts 
with both ends fixed about the X axis is 0,5, However, the 
recommended design effective length factor obtained from 
CISC Handbook £4] when ideal conditions are approximated is 
assumed to be 0,65, Substituting the length of column of 
2438 mm and other appropriate values into Eg, (5,2), d is 
determined to be 1018 mm. Hence, two inter connectors are 
required for widely spaced angles with the special end 
conditions- In the specimens with special end conditions, 
only one interconnector was used at mid-teight. The 
experimental data indicated that the results were not 
affected by using one interconnector.
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5-4 IT iB J m 2 £ z lN £ O H IN Iii,_ iS 5 5 zB $ m £ 2 I0 1 L S 5 B lg ^
The linear iterative-incremental finite element program 
predicts the theoretical load-deflection curves for all the 
2438 mm specimens with regular end conditions. To check the 
theoretical load-deflection curves the following equation 
was used
y   T-— — ---------------------  5.5
1 - ( p / p )
E
where y = the lateral displacement at mid-height of the 
column; yo = the initial out-of-straightness in the plane of 
the displacements at mid-height of the column; P - the 
applied axial load ; and Pg = the Euler load of the column.
The differences between the two curves may he due to the
following reasons;
(a)Experimental
(i) inaccuracies in measuring the initial 
out-of-straightness,
(ii) imperfections in setting up the test specimens, 
and
(iii)a lead that is not concentric.
(t) Theoretical
(i) the effect of the end-connectors is neglected,
(ii) the initial imperfect column is assumed to be
symmetrical about mid-height, and
(iii)the finite element procedure is based on the 
assumption that the shear center and the 
centroid coincide.
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5^5 XOADzÇEFLEÇTION
5.5,1 2438 mm Specimens with Regular End C o nditions
5,5-1-1 Theoretical Investigations
a linear mixed incremental-iterative finite element 
program was written to predict the failure load and the 
load-deflection curve for each 2438 ram specimen with zero to 
two interconnectors. The theoretical and experimental 
results for 2438 ram specimens with regular end conditions 
are summarized in Table 3-
The theoretical and experimental load-deflection curves 
are superimposed in Figure 5.2(a) to (g). Figure 5-2 (a) 
shows the theoretical and experimental load-deflection curve 
for specimen 2-4A0-127-2. The description of three types of 
interconnectors is tabulated in Table 1- The theoretical 
curves indicate both angles of the column failed in a 
combined buckling mode. At failure, the displacement in the 
y direction was about 4,5 times that in the x direction.
Figure 5-2 (b) gives the theoretical and
experimental curves for test 2.4A1.127.2, a specimen with 
one type A interconnector- Only the lateral displacements 
for one of the two angles in both principal axes are plotted 
as specimens had one or more interconnectors- The 
experimental and theoretical results confirm that the 
displacements for both angles are about the same. In this 
case, the specimen had a failure mode different from the
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specimens with zero interconnectors and buckled about the 
weak axis of built-up section. The predicted failure load
was higher than that obtained for specimens with zero
interconnectors-
Figure 5.2 (c) shows the load-deflection curve of test 
2-4B1,127-1- The buckling mode for test 2-4B1.127-1 was the 
same as that obtained for specimen 2-4Al-127-2. Results 
show that the specimens with one type B interconnecter had a 
theoretical failure load and buckling mode which were
essentially the same as specimen 2.4A1.127-2- The same
conclusion can be made for tests 2.4A2-127.2, 2-4B2.127.1,
2-4B1-76-3 and 2-4C1-127.5, whose load-deflection curves are 
plotted in Figure 5.2 (d), (e), (f) and (g),respectively-
The predicted buckling load increases significantly when 
one interconnecter is used. This sudden increase is due to 
the change in the buckling mode- The results clearly show 
that the load carrying capacity was essentially the same and 
the buckling mode was identical when the number of 
interconnectors increased from one to two,
5,5.1,2 Experimental Results
The experimental failure load, the principal axis about 
which the specimens buckled and the measured initial 
out-of-straightness are tabulated in Table 3-
The experimental load-deflection curve for test 
2-4AO.127-2 (Figure 5.2(a)) predicts a combined failure mode 
which is similar to the theoretical result- At failure the
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deflection in the y direction was about four times that in 
the X direction. Figure 5.3 shows the displaced position of 
the angles and the axis about which bending took place for 
columns with zero interconnectors. It indicates the
necessity of installing at least one interconnecter to make 
the struts behave as an integral unit. Examination of the
experimental curves of Figure 5.2 (b) and (c), for the tests
2.4A 1.127.2 and 2.4B1.127.1, indicates that specimens with 
one type A or B interconnector buckled about the minor 
principal axis of composite cross section. This is a 
different failure mode that obtained with zero 
interconnectors. There was no change in failure mode when 
the number of interconnectors increased from one to two {
see Figure 5.2 Jd) and (e)).
The columns with one type A interconnector rigidly welded 
at their mid-height had slightly higher failure loads than 
those with zero interconnectors- The struts with one type B 
interconnecter, however , showed an increase of 18 percent 
in failure load over those with zero interconnectors. The 
columns with two type A or E interconnectors had failure 
loads which were essentially the same as those with one type 
B interconnecter.
The load-deflection curve of specimen 2.4B1.76.3 in 
Figure 5.2 (f) indicates the separation of either 76 or 127
mm between angles had no apparent effect on the strength and 
buckling mode of column. Specimens which had a separation
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between angles of 76 mm had failure loads essentially the 
same as those with the 127 mm separation between angles- In 
both cases the specimens buckled about weak axis of combined 
cross sect ion.
During the fabrication process it is sometimes 
inconvenient to weld the interconnector to the angles with 
normal weld pattern, as shown in Figure 5-4 (a), which was
used with the type A or E interconnectors. In these cases,
the only joints that are accessible for welds are shown in 
Figure 5-4 (b). This has been called a type C
interconnector. Some concern has been expressed that this 
type of weld pattern does not provide sufficient torsional 
restraint, which might not be too important. Some concern 
has also been expressed about using a weld with nc end 
returns. Experimental curve of 2-4C1-127.5 in Figure 5.2(g) 
show the specimen with one type C interconnector had the
same load carrying capacity and failure mode as those with
one type B interconnector.
5.5.1.3 Comparison of Theoretical and Experimental Results
Figure 5.5 shows the variation of the ratio of buckling 
load to Euler load for widely spaced angles with zero, one
and two interconnectors and is plotted for both the
experimental and theoretical results.
The theory predicts that columns with one type A 
interconnector failed at a higher load than that obtained 
experimentally. This discrepancy is not observed in the
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results of columns with one type B interconnector. The 
effect of the thickness of the interconnectors on the 
strength of struts is discussed later in this chapter.
In general, the theoretical prediction on the buckling 
mode agreed well with the experimental results- Both theory 
and experiment confirmed that widely spaced back-to-back 
struts with at least one interconnector, regardless of the 
weld pattern and of the separation between a ngles, behaved 
consistently and buckled about the weak axis of combined 
cross section- The results demonstrate that one
interconnector is required to make the column acts as a 
single unit, and there is no advantage of installing more 
than one interconnectcr­
in general, the theoretical prediction of the buckling 
load as determined from the load-deflection curve agreed 
with the experimental results.
5.5-2 1230 mm Specinens with Regular End C o n ditions
Figure 5-5 (a) to (g) give the experimental
load-deflection curves for the 1230 mm specimens with 
regular end conditions- The failure loads and the axis 
about which failure occurred for the 1230 mm specimens is 
tabulated in Table 4. The results for the 1230 mm specimens 
confirm that the behaviour of intermediate length member is 
similar to that of slender widely spaced back-to-back 
struts.
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After the first series of test on 2438 mm widely spaced 
angles, the results conclusively showed that struts with one 
type B interconnecter had higher failure load than those 
with one type A interconnecter. Hence, all the 1230 mm 
struts were tested with 10 mm thick interconnectors.
Figure 5.6 (a), for test 1.2A0.127.3, a specimen with
zero interconnectors had a combined failure node in which 
the y displacement was about twice that in the x direction 
just prior to the complete failure of the struts.
The experimental data indicates that the specimens with 
one or two interconnectors (see Figure 5.6 (b) to (g) )
behaved consistently and buckled about the weak axis of the 
built-up strut. As far as the buckling mode is concerned, 
1230 mm specimens behaved in a similar manner to the 2438 mm 
struts.
Figure 5.6 (b) shows that specimen 1.2B1. 127.1 deflected
in the negative Y direction up to a certain lead before the 
angles deflected in the positive Y direction at failure. 
The reasons for this situation were mainly due to those 
imperfections listed in Section 5.4.1. Figure 5.6 (e)
indicates specimen 1.2C1. 127.1 had a similar deflection 
behaviour as test specimen 1.2B1.127.1.
The results show that there was a significant increase, 
about 14.3 percent, in the load carrying capacity of the 
specimens with one type B interconnector over those with 
zero interconnectors. The experimental load carrying
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capacity of struts with two type B interconnectors, tests 
1-2B2, 127-1 to -3, was essentially the same as that of those 
with one type B interconnector. It is evident that columns
with one type c interconnecter, specimens 1-2C 1.127.1 to .3, 
had essentially the same load carrying capacity as those 
with one type B interconnecter. All the atove mentioned 
specimens had a separation between angles of 127 mm. Three 
specimens with one type E interconnector and a separation of 
76 mm, tests 1.2B1.76.1 to .3, showed no difference in load 
carrying capacity from similar struts with a greater spacing 
of 127 mm.
5.5.3 2438 mm Speci mens with Special End C o n ditions
The theoretical prediction by finite element program was 
not performed on these specimens with special end conditions 
because the slenderness ratio of these struts falls in the 
"intermediate" range. The slenderness ratio about the X and 
Y axis were determined to be 76.5 and 40.6, respectively. 
The details of computation are given in Appendix D-
The experimental results show that all three struts 
deflected in a combinations of the X and Y directions prior 
to failure. Column 2.4SE1.76.1, whose load-deflection curve 
is plotted in Figure 5.7 (a), had a Y displacement which was 
about two and one-half times that in the X direction at 
failure. Figure 5.7 (b) shows the load-deflection curve of 
column 2.4SB 1.76.2 and indicates that this strut deflected 
predominantly in Y direction where the Y displacement was
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about four times that in the X direction. Figure 5.7 (c) 
shows that at failure column 2.4SB1.76.3 deflected about 
twice as much in the Ï direction as in the direction.
Overall these columns behaved in a similar manner and had 
failure loads which were guite consistent.
5.5.4 1230 mm Specimen s with Spec ial End C o n ditions
The slenderness ratio about the X and Y axes were 
determined to be 34.9 and 20.3, respectively. The
computation are shown in Appendix D.
The experimental load-deflection curve for two specimens, 
1.2SB1.76.1 and 1.2SB1.76.2, are plotted in Figure 5.8 (a)
and (b) , respectively. Strut 1.2SB1.76.1 had the Y
deflection which was about three times that observed in the 
X direction at failure. However, specimen 1.2SB.76.3
deflected more in the X direction with the X deflection
about 1,5 times that observed in the Y direction-
overall these columns behaved fairly consistently and
essentially had the same failure loads.
5.6 EFFECT OF THE NUMB ER OF mTEB C G N N E C T G B S
The columns with zero interconnectors had a combined 
failure mode which was basically one of flexure about the x 
and y axis. With one interconnecter welded at mid-height of 
the columns, both theoretical and experimental results show 
that the struts failed by buckling about the minor principal 
axis, which is a Euler type buckling. This suggests that
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the columns were made sufficiently rigid and acted as an 
integral unit. Hhen the number of interconnectors was 
increased from one to two the members behaved similar to 
those with one interconnec tor and did net show any 
corresponding increase in load carrying capacity. This 
indicates that only one interconnecter at mid-height will be 
sufficient for the back-to-back double angle compression 
mem bers.
5-.I EFFECT OF THE T HICKNESS OF THE INTEBCON KICTOBS
The experimental results revealed that the widely spaced 
back-to-back compression members with one type B 
interconnector had higher loads than those with one type A 
interconnecter. This indicates that the thickness of the 
interconnecters had an effect on the load carrying capacity 
of the struts.
A theoretical investigation was carried out on a 2438 mm 
specimen with an initial out-of-straightness of 1/1000 by 
using the linear mixed incremental-iterative finite element 
program. The plot of critical load of struts versus the 
thickness of the interconnectors can be seen in Figure 5.9. 
The buckling load increases gradually as the thickness of 
interconnectors increases and eventually leveled off after 
the thickness of interconnecter of 16 mm. It also shows 
that the thickness of interconnectors had some effects on 
the buckling strength of the struts.
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The experimental results, however, indicated that there 
is a significant difference in the load carrying capacity of 
a strut with a 4 mm thick interconnector and a 10 mm thick 
interconnecter as the latter has a greater bending 
stiffness.
5.8 EFFECT OF THE WELD PATTERN ON THE INTERC OMNECTOBS
The special weld pattern, as shown in Figure 5-4 (b), 
provides minimal rotational restraint to both angles, 
whereas more rotational restraint was offered by the 
interconnecter with a normal weld pattern which is shown in 
Figure 5.4 (a). The experimental results conclude that both
lengths of specimens with special weld pattern experienced 
no reduction in strength and no change in failure mode from 
those with the normal weld pattern. This also confirms the 
conclusion drawn by the pilot project described in Chapter 
1.
5.9 EFFECT O F THE SEPARATION BETWEEN ANGLES
Intuitively the spacing between angles within reasons,
would seem to have an insignificant effect on the strength 
of widely spaced back-to-back columns- The slenderness 
ratios about the Y axis for a 2438 mm columns with a 
separation between angles of 76 and 127 ram were determined 
to be 40,6 and 28.8, respectively- The two different 
separations between angles do not change the slenderness
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theoretical results predict that the 2438 mm specimens with 
a back-to-back spacing of 76 mm would behave in a similar 
manner to those with a wider separation between angles of 
127 mm. The experimental results conclude that both 1230 
and 2438 ram specimens with 76 or 127 mm separations between 
angles had similar failure loads and mode of failure. 
Hence, the two separations between angles have no effect on 
the load carrying capacity and buckling mode of widely 
spaced angles.
5^10 I0RCBS_^5_TH1_JJ2JBC0MS£30BS
By examining the failure modes of back-to-back double 
angle struts, the conclusion can be reached that the 
magnitude of My and My should be very small as compared 
to ( see Figure 5. 10) . The theoretical prediction by 
finite element program confirmed this point in which ’zero* 
values were predicted for and My . The moment about Z 
axis was more significant since the interconnectors served 
the purposes of making both angles deflect the same amount 
in the Y direction and restrained the rotation about the Z 
axis of each angle. The axial force in the X direction was 
mainly due to the tendency of each angle to deflect in the X 
direction by a different amount. The finite element 
procedure predicted that the shear forces in the Y direction 
would be very small.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
50
Table 5 lists the theoretical and experimertal forces in 
the inter connect or s. The maxi mum axial force cf 3-95 JcN was 
measured experimentally in the interconnector at mid-height 
of specimen 2.4C1.127.5, which was less than two percent of 
the experimental buckling load of 214 kN« However, the 
maximum theoretical axial force was predicted in the 
interconnector of test 2-4A2.127.3, which is less than two 
percent of the theoretical failure load of 2 49 kK- These 
differences are due mainly to the difficulty in measuring 
the out-of-straightness. Most importantly both theoretical 
and experimental results indicate that the axial force and 
bending moment in the interconnectors are very small.
Experimental results indicate that the effect of 
separation between angles and the effect of weld pattern on 
the magnitude of axial force and bending moment in the 
interconnectors is not significant.
The specimens with special end conditions show no 
significant variation of forces in the interconnectors from 
those of specimens with regular end conditions.
5 . 1 1 REVIEW OF THE EEQDIREMENTS OF T HE DESIGN STANDARDS
European standards were examined and were found to be 
more conservative with regard to the requirement of the 
number and design of interconnectors for widely spaced 
back-to-back compression struts than the North American 
steel standards. Both British ( BS 5950-1985 ) and German (
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DIN 4114-1952 ) require two interconnectors for 2438 mm
specimens with regular end conditions- However, the present 
Canadian { CAN CSA S16.1-M84 ) and American { AISC ) 
standards state that the slenderness ratio of the individual 
angles between points of interconnections shall not exceed 
that of the built-up column. Thus, both require only one 
interconnector for any length of compression members based 
on the relationship of the geometric properties for any pair 
of equal leg angles.
The British and German standards also have requirements 
with regard to the specific forces which must be resisted by 
the interconnectors. These requirements are not found in
the North American Steel Standards.
The experimental and theoretical results concluded that 
only one interconnecter is necessary for widely spaced 
back-to-back compression members- Hence, the present 
Canadian standard ( CSA S16.1-M84 ) is adequate.
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CONCLDSIONS AND R ECOMMENDATIONS
6-1 C ONCLUSIONS
The following conclusions can be drawn from this
research:
(i) There is a significant variation with regard to the
number of and design of the interconnectors for the 
back-to-back double angle compression members between 
North American and European standards-
(ii) To satisfy the requirements of CSA S16-1, only one
interconnector is required at mid-height of any
back-to-back double angle compression members made
from equal leg angles.
(iii) Struts with zero interconnectors had a failure mode
which involved buckling about both the x and y axis- 
Columns with one or more interconnectors consistently 
failed by buckling about the X axis, the weak axis of 
the built-up cross section-
(iv) Axial forces and moments in the interconnectors are
very small-
(v) The weld pattern used to weld the interconnectors to
the angles, whether welded on three sides or the
inside only, did not affect the failure load and mode
52 -
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of failure. Conservatively, however, it might be best 
to use a normal weld pattern which consist of weld on 
three sides of the interconnector.
(vi) The experimental results indicated that for
back-to-back double angle compression members made 
from equal leg angles, only one interconnecter of 
reasonable proportions at mid-height is required.
6.2 RECOMMENDATIONS
(i) One interconnecter, installed at mid-height of column, 
should be used for a back-to-back double angle 
compression member made from equal leg angles,
(ii) an interconnecter having practical dimensions should 
be used,
(iii) further research should be conducted to obtain the
shear center of back-to-back double angle arrangement 
with different spacings between angles, and,
(iv) further study on the back-to-back angle compression
members with one or more interconnectore for special
end conditions should be done.
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BACK-TO-BACK DOUBLE ANGLES USED 
AS WEB MEMBERS IN A TRUSS.
FIGURE 1.2
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( a ) FINITE ELEMENT MODEL FOR BACK-TO-BACK 
DOUBLE ANGLES WITH ZERO INTERCONNECTORS
FIGURE 3o2
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THE ASSEMBLED SET OF DOUBLE KNIFE 
EDGES AT LOWER END OF A SPECIMEN.
FIGURE 4ol
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
63
THE ARRANGEMENT OF DOUBLE KNIFE EDGES
FIGURE 4.2
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THE 448 kN CAPACITY HYDRAULIC JACK 
WITHIN THE RESTRAINING FRAME.
FIGURE 4.4
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THE 1335 kN CAPACITY JACK FOR 
TESTING 1230 m  SPECIMENS.
FIGURE 4.5
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THE 2438 mm SPECIMEN TESTED ON 
GILMORE TESTING MACHINE.
FIGURE 4.7
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A COMPLETE SET-UP OF 
1230 nun SPECIMEN.
FIGURE 4o8
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THE ARRANGEMENT OF DIAL GAUGES AT 
MID-HEIGHT OF SPECIMEN.
FIGURE 4.9
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Interconnecter
Knife Edge
NOTE: INFORMATION ON FIG. 4.11(a) IS TYPICAL 
FOR FIGS. 4.11(b) TO 4.11(f)
(a) TYPICAL 2438 m  SPECIMENS 
2438 m SPECIMENS
FIGURE 4.11
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(b) SPECIMENS 2.4A0.127.1,2.4A0.127.2 k 2.4A0.127.3
2438 m  SPECIMENS
FIGURE 4.11
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Type A interconnector 
51x178x4 ram Plate 
2.5 ram Veld 
Type B interconnector 
51x178x10 ram Plate
5.0 ram Weld
(c) SPECIMENS 2.4A1.127.I,2.4A1.127.2,2.4A1.127.3
2.4B1.127.1,2.4B1.127.2 t 2.4B1.127.3
2438 m  SPECIMENS 
FIGURE 4.11
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TYPE C Interconnector 
51x178x10 nun Plate
5.0 mm Weld
(d) SPECIMENS 2.4C1.127.1,2.4C1.127.2,2.4C1.127.3
2.4C1.127.1 fc 2.4C1.127.5
2438 m  SPECIMENS 
FIGURE 4.11
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Type B Interconnector
(e) SPECIMENS 2.4A2.127.1,2.4A2.127.2,2.4A2.127.3 
2.4B2.127.1.2.4B2.I27.2 & 2.4B2,127.3
2438 m SPECIMENS 
FIGURE 4.11
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Type B Interconnecter
51x127x10 in Plate
5.0 am Veld
(f) SPECIMENS 2.4B1.76.1.2.4B1.76.2 k 2.4B1.76.3
2438 m  SPECIMENS
FIGURE 4.11
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1230 m  SPECIMENS 
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/  Type B interconnector 
51x176x10 n  Plate 
5.0 n  Veld
(hi SPECIMENS 1.2B1.127.1.I.2B1.127.2 k 1.2B1.127.3
1230 mn SPECIMENS 
FIGURE 4.11
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V  Type C Interconnector
51x176x10 n  Plate 
5.0 n  Weld
(i) SPECIMENS 1.201.127.1,1.201.127.2 & 1.201.127.3
1230 m  SPECIMENS 
FIGURE 4.11
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Type B interconnector 
51x178x10 M  Plate 
5.0 n Veld
(j) SPECIMENS 1.2B2.127.1.1.2B2.127.2 k 1.2B2.127.3
1230 mm SPECIMENS 
FIGURE 4.11
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IB B Interconnector
51x127x10 u  Plate 
5.0 II Veld
(k) SPECIMENS 1.281.76.1,1.281.76.2 & 1.281.76.3
1230 m  SPECIMENS
FIGURE 4.11
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Type B Interconnecter 
51x127x10 mm Plate
(1) SPECIMENS 2.4SB1.7G.1,2.4881.76.2 k 2.4SB1.76.3
2438 m  SPECIMENS 
FIGURE 4.11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
64
■
/Type B Interconnecter 
51x127x10 mm Plate 
5.0 mm Weld
(n) SPECIMENS 1.2SB1.76.1.1.2SB1.76.2 k 1.2SB1.76.3
1230 m  SPECIMENS
FIGURE 4.11
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(b) Test 2.4A1.127.2
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(d) Test 2o4A2.127.2
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FIGURE 5o2
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( a) NORMAL WELD PATTERN USED IN TYPE 
A AND B INTERCONNECTORS.
FIGURE 5 A
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( b ) SPECIAL WELD PATTERN USED IN TYPE 
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Table 1 : TYPES OF INTEBCONNECTORS
Type Description
A 5 1 X 4 mm plate with 2-5 ran weld,
normal weld pattern ( see Figure 5.4(a) )
B 5 1 X 10 mm plate with 5-0 am weld,
normal weld pattern ( see Figure 5.4(a) )
C 51 X 10 mm plate with 5-0 am weld,
special weld pattern ( see Figure 5,4 (b) )
NOTE : 178 mm long interconnecter for columns with 
a separation of 127 mm.
127 mm long interconnector for columns with 
a separation of 76 ram-
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Table 2 : GECMETEIC PROPERTIES OF SINGLE ANGLE AND
BACK-TO-BACK DOUBLE ANGLES
Properties Units Nominal Value
Ao mmz 942
I' or I* mm* 0-353x106
X y
r* or r* mm 19.3
X y
r ' mm 12.4
z
X or y mm 18.8
t mm 8 - C
A mm2 18 84
I mm* 0-706x106
X
I mm* 13.467x106 *
y 6-784x106 **
r mm 19-3
X
r mm 84-55 *
y 60.01 **
NOTE : * : value for angle with a separation of 127 mm
** : value for angle with a separation of 76 mm
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Table 3: EîSULTS FOE 2438 mm SPECIMENS
Test Maximum Exp * t Theo- Failure
N umber Out-of- Failure Failure Mode
St rai ghtness Load Load
(mm) (kN) (kN)
2.4A0.127.1 1.3 195.7 213.5 Combined
2.4 AO.127.2 0- 8 195-7 213- 5 Combined
2.4A0.127.3 1.9 186.8 218. 0 Combined
2.4 A 1,127, 1 1-5 187-0 244- 7 X-X
2-4A1.127.2 1.8 205. 0 244. 7 x - x
2.4A1. 127.3 1.4 196.0 249. 1 x - x
2 . 4 E 1 - 1 27 . 1 2.2 231 .0 249. 1 x - x
2.4E1.127.1 1.8 227.0 249. 1 x - x
2 . 4 B 1 . 127.1 0.3 209.0 253- 5 x - x
2.4A2.127. 1 1.3 222-0 240. 2 x - x
2.4A2. 127.2 0. 6 222-0 244- 7 x - x
2-4A2.127.3 0.9 209.0 24 0. 2 x - x
2 .4B2.127.1 1-6 245-0 244- 7 x - x
2. 4 B 2 - 127.2 2-5 196. 0 24 0-2 x - x
2.4B2.127.3 1.4 222.0 249. 1 x - x
2 . 4B1.76. 1 1.3 218-0 249- 1 x - x
2. 4B1.76.2 0.9 214-0 249- 1 x - x
2-4E1.76.3 0.7 227-0 249- 1 x - x
2.4 Cl.127. 1 0 . 1 222. 0 249. 1 x - x
2 .4C1.127.2 1.7 209.0 244. 7 x - x
2 .4C1.127.3 1. 1 209.0 244. 7 x - x
2.4C1.127.4 0.7 214.0 249. 1 x - x
2-4C1-127.5 2.4 214-0 244. 7 x - x
2. 4SB1.76. 1 0.8 449.3 Combined
2. 4SB1.76.2 0.4 449-3 Combined
2. 4SB1.76.3 1.0 462. 6 Combined
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NOTE: 1. Refer to Table. 1 for type of interconnectors-
2. Failure mode shown is the principal axis about which 
buckling occurred.
3. Test specimen 2.4A1.127.1 indicates that the nominal 
length of the column was 2-4 meters with one type A 
interconnecter, -127 indicates that the separation 
between angles was 127 mm and .1 indicates that this 
was the first specimen with one type A interconnector,
S indicates that the special end conditions were used
which
fixed
is pinned 
about the
about
minor
the major 
principal
princ ipal 
axis ,
axis and
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Table 4: y EXPERIMENTAL RESULTS FOR 1230 mm SPECIMENS
Test
Number
Failure
Load
[kN)
Failure
Mode
1.2A0.127.1 
1.2A0.127,2 
1.2A0.127,3
422- 6 
427. 0 
422- 6
Combined
Combined
Combined
1.2B1,127,1 
1-2B1.127.2 
1.2B1.127.3
48 0, 4 
489.3
49 3-8
X-X
x - x
X-X
1.2B2. 127. 1 
1.2B2.127.2 
1.2B2.127.3
458.2 
484, 9 
476.0
X-X
X-X
x - x
1.2B1,76,1 
1.2B1,76.2 
1.2B1.76.3
47 1. 5 
484-9 
462. 6
X-X
X-X
X-X
1-2C1.127.1 
1.2C1.127.2 
1-2C1. 127.3
489-3 
476.0 
467- 1
X-X
X-X
X-X
1.2SB1.76.1 
1.2SB1.76-2 
1,2SB1.76.3
605.0 
596- 1 
59 1. 6
Combined
Combined
Combined
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Table 5: FORCES IH THE INTEBCONNECTCHS
EXPERIMENTAL THEORETICAL
Test Axial Bending Axial Bending
Number Force Moment Force Moment
( kN ( kN.ra ) ( kN ) ( kN, m )
2 - 4 A 1 - 1 27 - 1 + 3. 35 - 0. Oil + 1.65 -0.007
2 . 4 A 1 , 127,2 + 1.78 -0.005 + 1.52 -0.006
2.4 A 1-127.3 -0.45 -0.002 -1.45 -0.006
2 - 4 B 1 . 127.1 + 0- 49 -0.011 + 2.94 -0.064
2 . 4 E 1. 127 - 2 + 0.74 -0.004 +3.05 -0. 067
2-4A2.127.1 + 0. 93 - 0.000 + 2.23 -0. 007
2 -4A2-127-2 + 0- 80 -0,001 + 1.15 - 0-002
2.4A2.127.3 + 1.29 -0.004 +3.38 -0.018
2.4C1.127.4 + 1,19 -0.038 +2-09 -0-034
2.4C1.127.5 + 3.96 -0.056 +2.75 -0.056
2,4SB1.76.1 -0.53 -0, 103 — —
2. 4SB1.75.2 -0.91 -0.057 - —
2 - 4SB1.76,3 -1,48 +0,120 — —
1 . 2 B 1. 1 27 . 1 + 0.36 +0.251 — —
1 . 2 E 1. 1 27 . 2 -0.45 -0.280 - -
1-2B1.127.3 + 1-45 +0-309 — —
1.2C1.127.1 -2.79 -0.313 — —
1.2C1.127.2 -1.56 -0.393 - -
1-2C1.127.3 -1. 50 -0.218 — —
1,25B1.76.1 -3.27 -0.039 —
1.2SB1.76.2 -0. 23 -0.017 - -
1-2SB1, 76.3 - 1. 02 - 0,022 — -
NOTE: 1. The theoretical results were obtained only for 
2438 mm specimens with regular end conditions.
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Appendix C 
STIFFNESS MATRICES
The elastic stiffness matrix £ 8 ] in the local coordinate 
axis system is shown on the next page:
-  121  -
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EA
I
I2E I 3
L3
0
L3
0 0
GJ
L
EA
I
0 -
6EI2 
0 ———•—— 0 
L 2
6E I 3
—— — 0 0
1.2
0
4El2
1
4EI:
0
I2E I 3 
L3
0
6 EI2 2 EI 2
12 1
6EI3
12
EA
1
6EI3 
0 Q
12
I2EI2 6EI2
13 12
GJ
0 0 —  0 0 0 
1
0
2 EI3
0 0 ———— — 0 
L
SXMMETEICAL
I2 EI3
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I2E I 2
13 
0 0 
6EI2
GJ
1
12
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12
4 EI2
1
4EI3
1
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In the above matrix, L = the length of the element; A = 
the area of the element; j = the St. Venant torsional 
constant; I2 = the moment of inertia about the major
principal axis; I 3 = the moment of inertia atout the minor 
principal axis.
The geometric stiffness matrix in the local coordinate 
system is given as follows:
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0
0
6
5L
0
1
0 — —
10
0 0
0 —  — —
6
5L
0 0
0
0
6
5L
0 0 
1
0
10
0 0
0 0 
6
•— — 0 
51
0 0
1
10
10
21
15
21
15
1
10
10
0 — —  —  0
30
1
30
0
0
SYMMETBICAl
6
51
0
0
1
10
6
51
0
1
10
0
21
15
21
15
where P = the initial loading at which tie geometric 
stiffness matrix is calculated.
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Appendix D
gLEKDER!iESj_BATIO FOB S I B OTS WITH SPECIAL E N D
CONDITION
D . 1 2438 mm SPECIMENS
Referring to Figure 4.3, I^ = 2271 mm and L q = 2439 mm 
are for the 2436 mm columns with a separation between angles 
of 76 mm. Theoretically, the effective length factor is 0-5 
for fixed-ended. The recommended value of 0.65 is used here 
since the ideal conditions are approximated [4], The 
slenderness ratios ace computed as follows:
KLi 0.65+2271 
19.3
KLq 1,0+2438
Cy 60.01
D.2 1230 mm SPECIMENS
Il = 1064 mm and L q = 1233 mm (in Figure 4-3) are
determined for the 1230 mm columns with a back-to-back 
spacing between angles of 76 mm. Again, K = 0.65 is taken 
for evaluating the slenderness ratios about fixed axis. The 
end results are shown as follows:
- 125 -
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KL]^  C.65+1064 
rv 19,3
KLo 1.0 + 1233
Cy 6 0-01
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Appendix E
EFFECT OF END CCNNEÇTGBS ON BUCKLING LOAD
The stability functions method in Horne and Merchant [9] 
is used to compute the effect of end stiffeners on the load
carrying capacity of a double angle compression member.
Even though the end connector cannot be absolutely rigid, it 
is more accurate to assume complete rigidity than to assume 
an effective rigidity equal to that of the rest of the
member. complete flexural rigidity over the given lengths 
at the ends of members may be allowed in the calculation by
introducing modified values of the various stability
functions.
A member AB which is completely rigid over the end
lengths, A*A = g % and B'B = gz, and is perfectly straight
before loading can be seen in Figure A.I. The applied
rotational disturbances e % and Eg was applied and hence the 
following matrix can be established;
Ml s sc @1
= k
Ms SC s 02
—— —  — E . 1
127 -
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where 0 i,02 = the disturbance rotations at the ends of 
members; Hx, Mg = the moment induced by tbe disturbance 
rotations 0j and 0 g , respectively; and S and C = the 
stability functions.
To obtain the critical lead of the column the determinant 
of the 2x2 matrix in Eg. (E.1) is set to zero. It becomes 
the following;
S.2 - S2C2 = 0 ----- E.2
which can be rewritten as:
{ S-SC ) ( S + SC ) = 0------------------- ----- E. 3
Two possible solutions can be obtained as follows;
S - SC = 0 ----- E. 4
or _ __
S + SC = 0------------------------------------ E. 5
Only Eg. (E.4) is examined here since it gives the
smaller critical load.
Substituting the stability functions for £ and SC from 
Horne and Merchant [9] into Eg. (E.4) gives;
9i*E
S — SC - —------   0  E. 6
k
where P = the load carrying capacity of the member.
Eg- (E,6) can be written into the following fora;
n2 + g ,* p
S — sc — —— ——1— — —------------------ ----- E. 7
L
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Solving Eg. (E.7) with g x = 147 mm, L = 2 144 mm results
in a value of p of 0-78.
The value of P can be computed from the following
eguation ;
P *  n 2 * E I  
L2
Substituting the nominal values of the geometric 
properties of the back-to-back double angle compression 
struts tested, P = 262 kN is obtained. On t he other hand, 
solving Eg. (E.8) for the case of members without end
stiffeners, with 1.0, Pg = p =  259 kN.
The difference in load carrying capacity fcr g x = 0 mm
and gx = 147 mm is about one percent. Hence the effect of 
end stiffeners on the member is insignificant and can be 
neglected.
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Appendix F
FLOW CHART AND LISTING OF COMPUTER PRCGBAH
The following computer program was modified to solve 
three-dimensional geometrically nonlinear behaviour of the 
widely spaced back-to-back struts. The original
two-dimensional program was written by Dr. M.V.Prakash [13]. 
This program utilizes the finite element method to analyze 
the frame structures. The Newton— Haphson method was used to 
reach at solution of nonlinear equilibrium equations.
A flow chart is given below to explain the basic 
operations involved in the program.
- 130 -
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STABT
FBINÏ INPUT DATA
BEAD KM, NJ, NDF
Itération Cycle Starts
and load Factor
Determine the Direction Cosines 
 and lengths of Members______
Assemble the Master Stiffness Matrix [ K ]
BEAD Nodal Connectivity Ta lie 
 and Mem 1er Properties_____
BEAD Coordinates and 
Degree of freedoms for 
_______ each joint_______
Solve for Unknown Nodal Displacements
Compute the Element Stiffness Matrices in 
Local Coordinate [k ] ,and Transfcrm them 
________ into Global Coordinate [k ]
Update the Joint Coordinate, Member 
Direction Cosines, and Member Displacement
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No
Yes
No
Yes
STOP
Check if 
Load Increment > IND
Check if 
Convergence criteria 
Satisfies?
Compute the Residual Forces Vector 
______  {R'} = (P) {F}
Print the Update Coordinate and 
Local Forces in the Interconnectors
Calculate the Irternal Global Sember 
______ Forces______(F] = [ k ] {u}
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C
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
c
NM 
NJ 
NDF 
IND 
CN 
IV 
IVC 
MN 
h h  
ZX 
ÜTOT 
OT 
E 
IL 
P 1 
PLFAC 
ZIÏ 
ZIZ 
DC 
GLK1 
GLK2 
XL 
TMK
NUMBER
NUMBER
NUMBER
NUMBER
FREEDOM
INCREMENTS
* * * * * * * * * * * * * * * * * * * * * *  * * * * * *  * * * * * * * * * * * * * * *  * 
*
* COMPUTER PROGRAM TO DETERMINE THE BEHAVIO
* COLUMNS AND FRAME STRUCTURES.
*
* * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  
* * * * * * *  * * * * *  * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * *  * 
» THE FCILCWING VARIABLES DEFINE THE INPUT 
*************************************** **** * 
*
OF MEMBERS 
OF JOINTS 
OF DEGREES OF 
OF AXIAL LOAD 
COORDINATES OF NCDES 
DEGREES OF FREEDOM AT EACH NODE 
D.O.F. FOB EACH MEMBER 
NODAL CONNECTIVITY TABLE 
AREA CE MEMBERS 
MOMENT OF INERTIA 
CUMULATIVE DISPLACEMENT OF THE 
INCREMENTAL DISPLACEMENT OF THE 
MODULUS OF ELASTICITY 
NUMBER OF LOADED NODES 
LOADING VECTOR 
LOAD FACTOR
THE MOMENT OF INERTIA OF 
THE MOMENT OF INERTIA OF 
DIRECTION COSINES 
ELASTIC STIFFNESS MATRIX 
GEOMETRIC STIFFNESS MATRIX 
LENGTH OF ELEMENT 
MASTER STIFFNESS MATRIX
MAJOR
MINOR
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
*
* ****** * * *** ********** ****** ******** * ** **** * 
IMPLICIT REAL*8 (A-H,0-Z)
DIMENSION MN (172,2) ,IVC(172, 12), D C (172,3),R ( 
GLK1 (303,60) ,GLK2 (303,60) ,FLL (172, 
CN (102,3) ,XL (303) , IV (102, 6) ,V (12, 1 
U (303), P (303), U M (172,12),UTIL (17 2, 
AA (172) ,E (172) ,LGTH (172) , ZIZ (172) , 
U1 (3 03,30),UD (3 03) , ND ( 1 02, 3) , X 1 (3 0 
E K L (12,12),FGL (12, 12), E L G (12,12) ,P 
IB (172) ,S (30 3,60) ,TM1 (303,60) , UA ( 1 
UTO (303),UTOT (303) ,ÜMT (172,12),UTO 
GF (172, 12),PE (303) ,PR (3 03) ,UT (303) 
P2 (303) ,T(12, 12) ,GFF(172,12) ,U M T 1 
1,AKI (17 2),G (17 2),ALPHA 1 (250) ,CNSI (102,3)
1,PI (3 03) ,P T O T (303) , P C U M (303) , P T (273),W(12,12 
DOUBLE PRECISION MK,LGTH,U,U 1,UT,UTO,UTOT,Ü 
DOUBLE PRECISION F G L 1 ,GFF,S,B,TMK,UM
NODES
NODES
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
DIMENSION 
1 , Z I Y (172)
* * * * * * * * * * * * * * *
*
OB OF SLENDER *
*
*
* * * * * * * * * * * * * * *
* * * * * * * * * * * * * * *
DATA *
* * * * * * * * * * * * * * *
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
* 
♦
AXIS* 
AXIS* 
* 
* 
* 
* 
* 
*
* * * * * * * * * * * * * * *
303)
12) ,
2) ,UR (273)
12) ,TMK (273,60) 
CN 1 (102,3),
3) ,DGT (303) ,
P (172),
2) ,U2 (303) ,
TL (172, 12),
/J1 (5)
(172,12)
)
TOTL,UTIL,UMT
PRINCIPAL
PRINCIPAL
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SQBT (X) =DSQBT (X)
ABS (X) =DABS (X)
COS (X) =DCOS (X)
SIN (X)=DSIN(X)
C
C THESE CARDS CONTROI THE DIMENSIONS AND CAN BE CHANGED
C
NDFD=303 
MEMB=172 
NJOI=102 
IBAND=60
C
C READ THE FOLLOWING INPUT DATA
C
READ (5,*)NM,NJ,NDF,IND 
DO 10 J=1,NJ
READ (5,*) I,CN [I, 1) ,CN (1,2) ,CN (1, 3)
10 CONTINUE
DO 16 J=1,NJ
READ (5,*) I,IV (1,1) ,IV (1,2) ,IV (1,3) ,IV (1,4) ,IV (1,5)
1, IV (1,6)
16 CONTINUE
DO 20 J=1,NM
READ (5,*) I,MN (I, 1) ,MN (1,2) , AA (I) ,2IY (I) ,ZIZ (I) ,E (I)
20 CONTINUE
DO 27 J=1,NM
READ (5,*) I, AKI (I) ,G (I) , ALPHA 1 (I)
27 CONTINUE
R E A D (5,*) IL 
DO 140 1=1,IL 
READ (5,*) LJ,P1 (IJ)
140 CONTINUE
READ (5,*)PLFAC
C
C PRINTING THE INPUT DATA
C
W R I T E (6,7) NM,NJ,NDF,IND 
DO 35 1=1,NM
XL(I)=SQRT ( (CN (MN (I,1),1)-CN(MN (1,2),1) ) **2 +
1 (CN (MN (1,2) ,2-CN(MN (1,2) ,2)) **2+ (CN (MN (1,1) ,3)
1-CN (MN (1,2) ,3) **2)
35 CONTINUE
DO 45 1=1,NM 
I1=MN (I, 1)
I2=MN (I, 2)
DO 50 J=1,6
IVC (I,J) =IV(I1,J)
IVC (I,J+6)=IV(12,J)
50 CONTINUE 
45 CONTINUE
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C
C DETERMINING THE BAND WIDTH
C
DO 80 1=1,NM 
80 IB(I) =IABS (MN (1,2) -MN {I, 1) )
IBJ=IB (1)
DO 85 J=2,NM
IF(IBJ-GE.IB(J)) GO TO 85 
IBJ=IB (J)
85 CONTINUE
IBH= (IEJ+1) *6 
PEINT90,IEH 
PRINT160 
PRINT 165 
PRINT 170
PRINT 175, (I,XL (I) , AA (I) , ZIY (I) ,ZIZ (I) ,HN (I, 1) , 
1MN (1,2) ,E (I) ,1= 1, NM)
PEINT180
PRINT 185, (I,CN (I, 1) ,CN(I,2) ,CN (1,3) ,1=1 , NJ)
PRINT190
PRINT195
PRINT200, (I, (IVC (I ,J) ,J= 1 , 12) ,1 = 1,NH)
PRINT 20 1, (I,AKI(I) ,G (I) , ALPHAl (I) ,1=1 , NM)
201 FORMAT (/,2X,12,4X,F 10.2,2X,F 10.2,2X,F7.2)
DO 30 1=1,NDF 
IF(I-EC.IJ) GO TO 30 
PI (I) =0.
PR(I) = 0- 
P (I) =0.0 
30 CONTINUE
DO 55 1=1,NM 
DO 55 J=1 , 12 
UTIL (I,J)=0.0 
G FF (I, J) =0.0 
55 CONTINUE
DO 75 1=1,NDF 
PTOT (I)=0.
UTO(I)=0.
UTOT(I)=0.
75 U1 (I, 1) = 0.0
C
C DETERMINING OF THE DIRECT COSINES
C
CALL NEWT (CN,MN,DC,AA,E,LGTH,NM,MEMB,NJ0 I)
PLF=0.0
INDEX=0
C
C INDEX=0 GIVES AN ELASTIC ANALYSIS FOR THE GIVEN
C LOADING AND THEREFORE DETERMINES THE AXIAL LOAD
C IN THE MEMBERS
C
PRINT220 
230 PRINT 235
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C
C INCREMENTATION CE THE LOAt STARTS HERE
C
DO 245 12=1,150
IF(INDEX.EQ.O) GO TO 255
PLF=ELF+PLFAC
PEINT 265
PEINT 270
DO 275 1=1,NDF
OTO(I)=ÜTOT (I)
P(I) = (PI (I)*PLFAC)
PTOT (I) = PTOT (I) +P (I)
IF(P (I).EC.O,) GO TO 275 
PRINT280,I,PTOT(I) ,PLF 
275 CONTINUE
DO 295 1=1,NJ 
DO 295 J=1,3 
295 CN1 (I, J) =CN (I,J)
PRINT300,I2
255 CONTINUE
DO 355 1=1,NDF 
IF(I-NE-LJ) GO TO 355 
IF(INDEX.EQ-O) E(I)=P1(I)
355 CONTINUE 
KK=1
DO 256 1=1,NDF
256 P2(I)=P(I)
GO TO 305
C
C ITERATION CYCLE STARTS
C
310 CONTINUE 
KK=KK+1
DO 320 1=1,NDF 
320 P(I)=PB(I)
305 KK1=KK+1
IF(INDEX.EQ.O) GO TO 336
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C
C SCLÜTICN EEOCEDUEE
C GENERATE THE ELASTIC AND GEOMETRIC STIFFNESS MATRICES
C
336 CONTINUE
CALL ELAKH (NM,A A,E,LGTH,DC,NDF,IVC,GLK1, KEMB 
1,NDFD,KH,IBAND,ZIZ,ZIY,AKI,G,ALPHAl)
IF { (12. EQ. 1) . AND. (KK.EQ-1) ) GO TO 340 
CALL GEOKM (LGTH,DC ,NDF,IVC,GLK 2 ,H EMB,NDFE,
1 AA,NM,UTIL,E,PP,IBAND,Ü M ,UTOTL,INDEX,ZIZ,ZI Y ,ALPHA 1) 
DO 345 1=1,NDF 
DO 345 J=1,IBW 
3 45 TM1 (I,J)=G1K1 (I,J) + (GLK2 (I,J) *PLF)
GO TO 360 
340 DO 350 1=1,NDF 
DO 350 J=1,IBH 
350 TH1 (I,J) =GLK1 (I,J)
360 CONTINUE
C
C TO FIND THE DISPLACEMENTS
C
CALL EANDIN(U,TMl,P ,NDF,NDFD,IBH,D E ,IBANE,S,E )
DO 385 1=1,NDF 
U1 (I,KK1)=U1 (I,KK1-1) +U (I)
UT(I) =U1 (I,KK1)
UTOT(I)=UIO(I)+U1 (I,KK1)
385 CONTINUE
IF(INDEX.EQ.O) GO TO 390
C
C TO UPDATE THE COORDINATES AND THE DIRECTION COSINES
C
CALL COOR (CN,UT,NM,NJ,CN1,HN,IVC,MEMB, NDFD,ND,NJOI) 
CALL NEWT (CN,MN ,DC,A A ,E ,LGTH,NM,MEMB,NJ0 I)
390 CONTINUE
C
C TO TBANSFOEM NOEAL DISPLACEMENTS TO MEHEER
C DISPLACEMENTS (GIOEAL AND LOCAL)
C
CALL DISPLA (NM,UT,IVC,MEMB,NDFD,UM)
CALL DISPLA (NM,UTOT,IVC,MEMB,NDFD,UMT)
DO 395 K=1,NM
CALL TRANF (K,DC,T,MEMB,NM,ALPHAl)
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DO 395 1=1 , 12 
UTOTL (K,I)=0,
UTIL (K,I) =0.0 
DO 395 J = 1 , 12
UTOTL (K, I) =UTOTL (K ,1) +T (I, J) *UMT {K, J)
UTIL {K,I)=UTIL (K,I)+T (I,J)*UM (K,J)
395 CONTINUE
IF (INDEX.EQ.0) GO TO 400 
GO TO 405 
400 CONTINUE
C
C TO DETERMINE THE AXIAL LOAD IN THE MEMBEES
C
WRITE (6, 4 12)
DO 4 10 1=1,NM
PP(I)=E(I)*AA (I)*(UTOTL (I,7)-UTOTL(I,1 ) )/LGTH (I) 
PRINT4 11,I,PP (I)
410 CONTINUE 
INDEX=1
DO 419 1=1,NDF 
419 UTOT(I)=0.
GO TO 230 
405 CONTINUE
DO 4 15 1= 1 ,NM 
DO 420 J = 1 ,12 
420 UA(J) =UTOTL (I,J)
CALL TRANF (I,DC ,T,MEMB,N« ,ALPHA 1)
CALL ELAN(I,E,LGTH,AA,ZIZ ,ZIY ,AKI,G,EKL,NM)
CALL GEO (I,LGTH,MEMB,AA,ELG,ZIZ,ZIY)
425 DO 430 J = 1 , 12 
DO 430 K = 1 , 12
FGL (J, K) =EKL (J,K) + (ELG (J,K) *PP (I) *PLF)
GO TO 430 
435 FGL (J,K) =EKL (J,K)
430 CONTINUE
CALL TRANF (I,DC,T,MEMB,NM,ALPHAl)
CALL TRANS (T, W, 12, 12)
CALL MULT (W,FGL,V, 12, 12, 12)
CALL MULT(V,T,FGL1,12,12,12)
C
C TO DETERMINE THE INTERNAL MEMBER FORCES (GIOEAL AND
C LOCAL)
C
DO 440 J = 1 ,12 
GF(I,J)=0.
DO 440 K=1,12 
44 0 GF(I,J)=GF (I,J) ♦FGI1 (J,K)*UM (I,K)
DO 445 J = 1 ,12 
FLL (I, J) =0-0 
DO 445 K=1,12
FLL (I, J) =FLL (I, J) +T (J,K) *GF (I,K)
445 CONTINUE 
415 CONTINUE
DO 450 1=1,NDF
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450 PE(I) = G,
DO 455 1=1,NM 
DO 455 J=1,12 
I1=IVC (I,J)
IF(I1-£Q.0) GO TO 455 
PE(I1) =PE (II) -GF (I,J)
455 CONTINUE
C
C TO FIND THE RESIDUAL FORCE VECTOR
C
DO 460 1=1,NDF 
PE(I) =P2 (I) +PE (I)
460 CONTINUE
C
c TO DETERMINE THE CONVERGENCE OF THE SOLUTION
C
A1=0.
A0=0.
11=0 
IZ1 = 5 
122=6 
IZ3 = 6
C
C IZ1,IZ2,IZ3 MUST BE CAREFULLY SELECTED FOR EACH PROBLEM
C THESE PARAMETERS ARE IMPORTANT FOR PROP EE CONVERGENCE
C OF THE PROBLEM
C
NDF1 1 = NDF-IZ3 
J1 (1)=3 
J1 (2) =14 
J1 (3) =19 
J 1 (4)=22 
J1{5)=25 
DO 475 1=1,5 
11= 11 + 1
475 IF(ABS (01 (J1 (I) ,KK1) ) .GT.AO) AO = ABS (U1 ( J 1 (I) , KK 1) ) 
IF(KK-LE.2) GO TO 310 
DO 485 1=1,5 
A2=ABS (U (J1 (I) ) /AO) **2 
A1=A1+A2 
485 CONTINUE
A3=SQRT(A1/II)
IF(A3,IT-0,00001) GO TO 490 
IF(KK.GT.40) GO TO 515 
GO TO 310 
490 CONTINUE
WRITE (6,491)
1 1 1 = 1 2 / 1
IF(I2,NE- (111*1)) GO TO 535 
515 CONTINUE
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PRINTS 10 
DO 520 1=1,NJ
PRINT525,I, (CN (I, J) ,J=1,3) ,KK 
520 CONTINUE 
53 5 CONTINUE 
PRINT 523 
523 F O R M A T (//)
245 CONTINUE 
5 FORMAT (715,F10-4)
7 FORMAT (//, * NUMBER OF MEMBERS =*,15,//,
*' NUMBER OF JOINTS =»,I5,//,
** NUMBER OF DEGREES OF FREEDOM =*,15,//,
** NUMBER OF AXIAL LOAD INCREMENTS =*,I5,//)
90 F O R M A T T H E  SEMI BAND WIDTH IS= ',15)
160 FORMAT (* THE FOLLOWING IS THE INPUT OF THE PROBLEM ')
165 FORMAT (» MEMBER DATA (IN KIPS AND INCHES) ',//)
170 FORMAT (*MEMBER N O .’, 3X, »LENGTH*,9X , •A REA * , 13X,*lY*,13X,•I Z » 
1,6X,'NEAB END*,4X,*FAR END * ,3X, *MOD-OF ELASTICITY')
17 5 FORMAT (15,5X,F 10,4,5X,F 10.4,5X,F 10-4,5X,F 1C-4,5X,15, 
15X,I5,5X,E15.7)
180 F ORMAT('NODE',5X,'COORDINATES',9X,'X',17X,' Y ',18X, 
1'Z',//)
185 FORMAT (15,25X,F10.4, 10X,F10.4,10X,F10.4)
190 FORMAT (//, *IVC TABLE',' DEGREES OF FREEDOM ',//)
195 FORMAT (' MEMBER NO. ',5X,' 1 ',3 X,' 2 ',3X, ' 3 ',
13X,' 4 ',3X,' 5 ',3X,' 6 ' ,3X,' 7 *,3X,* 8 ',3X,
1» 9 ',3X,' 10 ',3X,' 11 ',3X,' 12 ',//)
20 0 FORMAT (16,10X,I2,4X,12,4X,12,4X,12,4X,12,42,12,4X 
1,I2,4X,I2,4X,I2,4X,I3,4X,I3,4X,I3)
220 FORMAT (//,' THE FOLLOWING IS THE OUTPUT ',//)
265 FORMAT (//, * LOAD VECTOR «)
270 F O R M A T (//,5X,'D.O.F.','AXIAL LOAD (COMPRESSION)*,)
280 FORMAT (5X,15,3 X ,F 10.4,10X,F 10.4)
300 FORMAT (//,* LOAD INCREMENT NO. ',15,//)
335 FORMAT (//,* ITERATION CYCLE NO. ',15,//)
411 FORMAT(5X,15,1 OX,FI 0.5)
412 FORMAT (5X,* MEMBER NO. ',5 X ,*AXIAL LOAD',/)
480 FORMAT (' MAXIMUM DISPLACEMENT (LATERAL) =»,
1F15-5,2 (4X,I3),//)
491 FORMAT ('CONVERGENCE ACHIEVED FOB THIS LOAD INCREMENT' ')
510 FORMAT (//, 10X,6H NODE ,5X, 1 1HC00RDINATES,5X,
13H X ,9X,3H Y ,/)
235 F O R M A T (' NONLINEAR GEOMETRIC ANALYSIS BEGINS ')
525 FORMAT (1IX,13,18X,F 10.4,IX,F 10.4,IX,F 10.4,5X,13)
250 STOP
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END
SUBROUTINE BANDIN(Ü,THK,P,NDF,NDFD,IBW,D I,IBAND,S,R)
C **** * **************** *** ******** ******* ***** **********
C * THIS SUBROUTINE DETERMINES THE DISPLACEMENT ' U '
C » BY INVERSING THE MATRIX » TMK *, AND MULTIPLYING *
C » BY THE LOAD VECTOR ' P ». *
Q *** * * * * *  * * * * * * * * * *  * * * * * *  * * * * * * * * * * *  * * * *  * * * * * * * * * * * * * * *
IMPLICIT BEAL*Q (A-B,0-Z)
DIMENSION U (NDFD) , P (NDFD) ,TMK (NDFD, IBAND)
DIMENSION S (NDFD,IEAND) ,R (NDFD)
IF(NDF.EQ.1) GO TO 731 
DO 730 1=1,NDF 
DO 730 J=1,IBW 
730 S (I, J) =TMK (I,J)
DO 740 1=1,NDF 
740 R (I) =P (I)
DO 790 N=1,NDF
DO 780 L=2,IBH
IF{S (N,L)-EQ.0.) GO TO 780
I=N+L-1
C=S (N,L) /S (N, 1)
J=0
DO 750 K=L,IBW 
J=J+ 1
S (I,J)=S (I,J) -C*S (N,K)
750 IF(S (1,1) .LE.O. ) PRINT 59 ,I,S (1,1) , J,K,L,N 
59 FORMAT (10X,12,5X,E20.7,1 5,15,15,15)
S (N, L) =C 
780 CONTINUE 
790 CONTINUE
DO 5 1 1=1,NDF
IF (S (I,1).LT.O.) PRINT50,I,S (1,1)
50 FORMAT (15,5 X ,E 20-7)
I F ( S (1,1).LT.O.) GO TO 52
51 CONTINUE
DO 830 N=1,NDF 
DO 820 L=2,IB«
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IF(S (M,L) .EQ.O.) GC TO 820 
I = N + L - 1
R (I) =B (I)-S (N)
320 CONTINUE
830 R (N) =E (N) /S (N, 1)
DO 860 M=2,NDF
N=NDF+1-M
DO 850 L=2,IBW
IF (S (N,L) -EQ.0,) GO TO 850
K=N+L-1
R (N) =B (N)-S (N,L)*R (K)
850 CONTINUE 
860 CONTINUE 
GO TO 732
731 R [1) =P (1) /TMK (1,1)
732 CONTINUE
DO 870 1=1,NDF 
870 U (I) =R (I)
GO TO 54
52 PRINT53
53 FORMAT {* UNSTAELE-MATRIX NOT POSITIVE DEFINITE *)
STOP
54 RETURN 
END
SUBROUTINE DISPLA (M,U ,IVC,HEHB,NDFD,UM)
Q *** * * ********************************** ***************
C * THIS SUBROUTINE HILL CHANGE THE NODAL EISPLACEMENT *
C * TO GLOBAL DISPLACEMENT ON EACH MEMBERS' ENDS *
C * * ♦ * * * * * * * * * * * * * * * * * * * * *  * * * *  * * * * * * * * * * *  * * * * *  * * * * * * * * * *
IMPLICIT EEAL*8(A-B,0-Z)
DIMENSION U (NDFD) , IVC (MEMB, 12) , UM (MEMB, 12)
DO 300 1=1,M 
DO 300 11=1,12 
K=IVC (1,11)
I F(K)10,20,30 
30 UM(I,I1) =0 (K)
GO TO 300 
20 UM(I,I1) =0.
GO TO 300 
10 K=IABS (K)
UM(I,I1) =-U (K)
300 CONTINUE 
280 CONTINUE 
RETURN 
END
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SUBROUTINE ELAKB (H ,Afl,E,El,D C ,NDF,IVC,MK ,HEMD,NDFD,NM 
1,IBAND,ZIZ,ZIY,AKI,G,ALPHAl)
C * * * * * *  ** * * * * * * * * *  * * * * * * *  * * * * * * * *  *** **** * * * * * * * * *  * * * * *
C » THIS SUBROUTINE WILL CALCULATE THE MASIER ELASTIC *
C » STIFFNESS MATRIX *
C *** ***** *************************** **** ********* *****
IMPLICIT BEAL*8(A-H,0-Z)
DIMENSION AA (MEMB) , EL (MEME) , E (MEMB) ,ZIZ (NM) ,ZIY (NM) 
DIMENSION DC(MEMB, 3) ,IVC (MEMB,12) ,MK(NDFL,IBAND) 
DIMENSION H (12, 12) ,V (12, 12),EKL (12, 12) ,T (12,12) 
DIMENSION AKI (NM) , G (NM) , EKG ( 1 2, 1 2) , ALPHA (2 50)
DOUBLE PRECISION MK 
M1=IEAND 
DO 10 1=1,NDF 
DO 10 J=1,M1 
10 MK(I,J)=0.
PHI=4.*ATAN(1.0)
DO 100 K=1,M
CALL TRANF (K,DC,T,MEMB,NM,ALPHAl)
CALL ELAK (K,E ,E I ,A A ,ZIZ,ZlY,AKI,G ,EKL, N M )
CALL TRANS (T, W, 12, 12)
CALL MULT (W,EKL,V, 12, 12, 12)
CALL MULT(V,T,EKG,12,12, 12)
N1=12
DO 6 0 1=1,N1 
IL=IVC (K ,1)
IF (IL-EQ.O) GO TO 60 
DO 50 J = 1,N 1 
IN=IVC (K,J)
IF (IN-EQ.O) GO TO 50 
IL1=IABS(IL)
IN1=IABS(IN)
JJ=IL1/IL
KK=IK1/IN
IF(INI.LT.ILI) GO TO 50 
L=IN 1-IL1 + 1
MK(IL1,L)=MK(IL1,L)+ (JJ*KK*EKG (I, J) )
50 CONTINUE 
60 CONTINUE 
100 CONTINUE 
RETURN 
END
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SUBROUTINE GEO (K,XI,H,A A ,£LG,ZIZ,ZIY)
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * *
C * THIS SUBROUTINE CALCULATES THE ELEMENT GECMETRIC *
C * STIFFNESS *
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * *
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION ELG {1 2, 1 2) , XL { M) , AA (M) , 0 ( 12) , ZIY (M) , ZIZ (H) 
CL=XL (K)
DO 21 1=1,12 
DO 2 1 J= 1 , 12 
ELG (I, J) =0.0 
21 CONTINUE
GA=12.0/ (10.0*CL)
GB = 0 . 10 
GC=4*CL/30.0 
GD=-CL/30. 0 
ELG (2,2) =GA 
ELG (2,6) =GB 
ELG (2,0)=-GA 
E L G (2,12)=GB 
ELG (3,3)=GA 
ELG (3,5)=-GB 
ELG (3,9)=-GA 
ELG (3,11)=-GB 
ELG (5,5) =GC 
ELG (5,9) =GB 
ELG (5, 11)=GD 
ELG (6,6) =GC 
ELG (6,8) =-GB 
ELG (6, 12)=GD 
ELG (8,8) =GA 
ELG (8, 12)=-GB 
ELG (9,9) =GA 
ELG (9, 11)=GB 
ELG (11,11)=GC 
E L G (12,12)=GC 
DO 1 1=2,12 
1 1 = 1 - 1  
DO 1 J=1,II 
ELG (1,0) =ELG (0,1)
1 CONTINUE
RETURN 
END
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SUBEOOTINE TfiA N S (W ,V ,K,L)
C ***************** ******* ************** ********* ******
C * THIS SOEEOÜTINE WILL TBANSPCSE A MATRIX *
C *** * * *** ********** ****** ******** ******* **************
IMPLICIT EEAL*8|A-H,0-Z)
DIMENSION H (L,K) ,V (K,L)
DO 10 1=1, K 
DO 10 0=1,L 
10 V (I, 0) =W (0,1)
RETÜHN
END
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SUBROUTINE GEOKM(El,DC,NDF,IVC,MK,MEMB,NDFD, 
1AA,M,UTIL,E,PP,IBAND,UM,UTOTL,INDEX,ZIZ,ZIY,ALPHAl)
C * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * *  **** **
C * THIS SUDBOUTINE HILL CALCULATE THE MASTER *
C * GEOMETRIC STIFFNESS MATRIX *
Q * ** * ** ** * * * * * * * * *  * * * * * * *  * * * * * * * * * * *  **** * * * * * * * * * * * * * *
IMPLICIT REALMS (A-H,0-Z)
DIMENSION EL (MEMB) ,DC (MEME,3) ,IVC (MEMB, 1 2)
DIMENSION G K G (12,12) , G K L (12,12) ,T (12,12) ,U1 (12,12) 
DIMENSION EN1 (12,12) ,AA (MEMB) ,UTIL(MEMB,12) ,E (MEMB) 
DIMENSION UM (MEMB, 12) ,UTOTL (MEMB, 12) ,ELG (12, 12) ,U (12) 
DIMENSION ZIZ (M) ,ZIY (M) , ALPHAl (250)
DIMENSION MK (NDFD, IBAND) , V (12, 12) ,PP (MEME)
DOUBLE PRECISION MK 
H1=IEAND 
DO 10 1=1,NDF 
DO 10 J=1,M1 
10 MK(I,J)=0.0
DO 100 K=1,M 
IF(K-GT.M) GO TO 100 
DO 101 J=1 , 12 
101 U(J)=UTOTL(K,J)
CALL TRANF (K,DC ,T,MEMB,M,ALPHAl)
CALL TRANS (T,01,12,12)
CALL GEO(K,EL,M,AA,ELG,ZIZ,ZIY)
CALL MULT (U1,ELG,V,12,12,12)
CALL MULT (V,T,GKL,12,12, 12)
IF(INDEX.EQ.1) GO TO 51
PP(K) =E(K) *AA (K)* (UTOTL (K,7)-UTOTL (K, 1) ) /EL (K)
51 CONTINUE
N1=12
DO 60 1=1,N1 
IL=IVC (K,I)
IF (IL.EQ.O) GO TO 60 
DO 50 J=1,N1 
IN=IVC (K,J)
IF (IN-EQ-O) GO TO 50 
IL1=IABS (IL)
IN1=IABS (IN)
J0=II1/IL 
KK=IN 1/IN
IF(INI.LT.ILI) GO TO 50 
L=IN1-IL1+1
MK(IL1,L)=MK (IL 1,L) + (JJ*KK*GKL(I,J) *PP(K))
50 CONTINUE 
60 CONTINUE 
100 CONTINUE 
RETURN 
END
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SUBROUTINE TR A N E (K,DC,T , MEMB,NM,ALPHAl)
C  * * * * * * * * * * * * * * *  * * * * * * * * *  * * * * * * * * * * *  *** *  * * * * * * * * * * * * * *
C * THIS SUBROUTINE HILL CALCULATE THE TRANSFOEMATION *
C * MATRICES *
C * * *  * * *♦* * * * * * * * * ♦ *  * * * * * * * * * * * * * * *  ** * * * *  * * * * * * * * * * * * * *
IMPLICIT REAL* 8 (A-B,0-Z)
DIMENSION DC(MEMB,3) , T (12,12) ,UA (12) ,ALPHA 1 (250)
DO 20 1=1,12 
DO 20 J=1,12 
20 T (I, J) =0.0
PI=3-14159265
ALPH1 = ALPHA1(K) «PI/180.0
C0S1=DC0S(ALPH1)
SIN1=DSIN(ALPH1)
CX = DC (K, 1)
CY=DC (K,2)
CZ=DC (K,3)
ELONE=DSQBT(CX**2+CZ**2)
T (1, 1)=CX 
T(1 ,2)=CY 
T(1 ,3)=CZ 
IF (CX+CZ) 25,27,25 
25 CONTINUE
T (2,1)=(-CX*CY*COS1-CZ*SIN1)/ELONE 
T (2,2)=ELCNE*C0S1
T (2, 3)= (-CY*CZ*C0S 1+CX*SIN1) /ELONE 
T (3,1)=(CX+CY*SIN1-CZ*C0S1)/ELONE 
T (3,2) =- EL0NE*SIN1
T (3,3) = (CY*CZ*SIN1+CX*C0S1) /ELONE 
GO TO 30 
27 CONTINUE
T (2,1)=-CY*C0S1 
T (2,3)=CY*SIN1 
T(3,1)=SIN1 
T (3,3)=C0S1 
30 CONTINUE
DO 5 1 1= 1,3 
13=1+3 
16=1+6 
19=1+9 
DO 5 1 J= 1,3 
J3=J+3 
J6=J+6 
J9=J+9
T (13,J3) =T (I, J)
T (16,J6) =T (1,0)
T (19,J9) =T (1,0)
51 CONTINUE 
RETURN 
END
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SUBROUTINE ELAK (K , E, EL, A A ,ZIZ ,ZIY , A KI, G , HKL , N H)
C ***** *** ********* **************** ** **** **************
C * THIS SUBROUTINE HILL CALCULATE THE ELEMENT *
C * STIFFNESS MATRICES *
C *** * ************** ********************* **************
IMPLICIT REAL*8(A-H,0-Z)
DIMENSION E (NM) ,AA (NM) ,EL (NM) ,ZIZ (NM) ,ZIY (NM) ,EKL (12, 12) 
DIMENSION AKI (NM) , G (NM)
DO 30 1=1,12 
DO 30 0=1,12 
30 EKL (1,0) =0-0
EKL (1, 1) =E (K) *AA (K)/EI (K)
EKL (1 ,7) =-EKL (1,1)
EKL (2,2) =12*E (K)*ZIZ (K) / (EL (K) »»3)
EKL (2,6) =6*E (K) *ZIZ (K)/ (El (K) **2)
EKL (2,8) =-EKL (2,2)
E K L (2,12)=EKL (2,6)
EKL (3,3) =12*E (K)*ZIY (K) / (EL (K) »*3)
EKL (3,5) =-6*E (K)*ZIY (K) / (EL(K)**2)
EKL (3,9) =-EKL (3,3)
EKL (3, 11)=EKL (3,5)
EKL (4,4) =G (K) *AKI (K) /EL (K)
E K L (4,10)=-EKL(4,4)
EKL(5,5)=4*E(K) *ZIY (K)/EL (K)
EKL (5,9)= - E K L (3,5)
E K L (5,11)=EKL (5,5)/2.0 
EKL (6,6) =4*E (K) *ZIZ (K)/EL (K)
EKL (6,8)=-EKL (2,6)
E K L (6,12)=EKL (6,6) / 2.0 
EKL (7,7) =EKL (1, 1)
EKL (8,8) =EKL (2,2)
EKL (8, 12) =-EKL (2, 6)
EKL (9,9) =EKL (3,3)
E K L (9,11)=-EKL (3,5)
EKL(10,10)=EKL(4,4)
EKL (11,11)=EKL (5,5)
E K L ( 12,12)= E K L (6,6)
DO 4 0 1=2,12 
11=1-1
DO 40 0=1,11 
EKL (1,0) =EKL (0,1)
40 CONTINUE 
RETURN 
END
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SUBROUTINE HUIT |fl,E,C,M,K ,N)
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  ***** * * * * * * * * *
C * THIS SUBROUTINE RILL MULTIPLY TWO MATRICES *
C *** *************** ****** *********** **** **************
IMPLICIT REAL*8(A-R,0-Z)
DIMENSION A (M,K) ,B (K, N) ,C (M, N)
DO 10 1=1,M 
DO 10 0=1,N 
C (1,0) =0- 
DO 10 L=1,K 
C1=A(I,L)*B(L,0)
10 C (1,0) =C (1,0)+C1 
RETURN 
END
SUBROUTINE COOR (CN,U,NM, N,CN1,NCT,IVC,HE MB,NDFD,ND,NOOI)
Q * ** * * * * * * * * * * * *  ** * * * * * * *  * * * * * * * * * * *  **** * * * * * * * * * * * * * *
C * THIS SUBROUTINE HILL CALCULATE THE NEW COORDINATE *
C * OF EACH NODE DUE TO THE APPLIED LOAD *
C * * * *  * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * *  * * 4 * * * * * * * * * * * *
IMPLICIT REAL*8 (A-H,C-Z)
DIMENSION CN (NOOI, 3) ,U(NDFD) , NCT (MEMB, 2) ,IVC (MEMB, 12) 
DIMENSION CN1(NOOI,3),ND(NOOI,3)
DO 1 1=1,NM 
N1 = NCT (I, 1)
N2=NCT (1,2)
ND(N 1, 1) =IVC (1,1)
ND(N1,2) =IVC (1,2)
ND(N1,3) =IVC (1,3)
ND (N2, 1) =IVC (1,7)
ND(N2,2) =IVC (1,6)
ND(N2,3) =IVC (1,9)
1 CONTINUE 
DO 2 1=1,N 
N1=ND (I, 1)
N2=ND (I,2)
N3=ND (I, 3)
IF(NI.LT.O) N1 = IABS(N1)
IF (N2.LT. 0) N2=IABS(N2)
IF (N3-LT- 0) N3 = IABS(N3)
IF(NI.EQ.O) GO TO 3
CN(I, 1)=CN1 (I, 1)+U (N1)
3 IF(N2-EQ,0) GO TO 4
CN(I,2)=CN1 (1,2) +U (N2)
4 IF(N3.EQ.O) GO TO 2
CN(I,3)=CN1 (I,3)+U (N3)
2 CONTINUE 
RETURN 
END
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SUBROUTINE NEWT |CN ,MN,DC,AA,E,LGTB,M,MEME,NJOI)
C * * * *  4 * * * * * * * * * * * * *  * * * * * *  * * * * * * * * * * * * * * * * 4 * * * * * * * * * * * *
C * THIS SUBROUTINE CALCULATES THE MEMBEE LENGTHS *
C * AND DIRECTION COSINES *
C * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  *** * * * * * * * * * * * * * * *
IMPLICIT EEAL + 8 (A-E,0-Z)
DIME NSION MN (MEMB, 2) , CN (N JOI, 3) , DC (MEMB, 3) ,AA (MEMB) 
DIMENSION E (MEME) ,LGTH(MEMB)
DOUBLE PRECISION LGTH 
SQRT {X) = DSQRT (X)
DO 250 1=1,M 
LP=MN (I, 1)
LQ=MN (1,2)
SUM=0.0 
DO 255 J=1,3 
25 5 SUM=SUM+ (CN (LQ, J) -CN (LP, J) ) **2 
LGTH (I)=SQRT (SUM)
DO 260 J=1,3 
260 DC(I,J)= (CN (LQ,J)-CN (LP, J) ) /LGTH (I)
250 CONTINUE 
RETURN 
END
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